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FOREWORD 



Fourleen years ago, the Academy published Effects of 
AfoniK RiiJiation on Oceanography and Fisheries, one of a 
series of Academy studies on the biological effects of atomic 
radiation. That liT-page report summarized knowledge and 
problems known at that time and made suggestions for fu- 
ture programs fur .iddiiiumil research. During the years that 
have followed, much new knowledge has been added to our 
undentanding of the marine environment, the paths of 
movement that radioactive materials take within it, and the 
effects ai such materials on other components of the envi- 
roninent. 

Thus, it was appropriate (hat the Academy, in response 
to a request from the Atomic Energy Commission, under- 
take to prepare a second comprehensive review of our under- 
standing of this area. The task was subsequently assigned to 
the Panel on Radioactivity in the Marine Environment of 
the Committee on Oceanography. This volume, the product 

of ih.tl review, brings together the results of the research of 
many scientists. A representative and highly competent 
group was assembled at Woods Hole, Massachusetts, in Hie 
fall of 1967 to prepare various sections of this report. Sub- 
sequently, the Panel has filled gaps and revised and updated 
this maieriil lo ptesent a more oompieheashtt aununaiy of 
the cuneni state of undentandiiig in this field. 



It is particularly appropriate that this contribution to our 
understanding of the marine eiivironn>enl be available at a 
time when man is increasingly concerned with the ways in 
which his own actions may affect his environment. Though 
this work is specifically addressed to radioactivity in the ma- 
rine environment, many of the concepts that perlam to our 
understanding of this problem can be applied effectively to 
studies of other wastes discharged into the marine environ- 
ment, including industrial wastes, municipal sewage, pesti- 
cides, nutrients, heavy metals, and heat, it is perhaps ironic 
that, of the many substances that man has taitroduced faito 
his environment over the centuries, he understands best and 
controls most rigorously the radioactive materials that have 
been produced only during the past quarter century. We are 
indeed fortunate that our intense concern for public safety 
and protection from radioactivity since 1950 lus stimulated 
much basic research that can be applied to other serious «»• 
vlf oninental proUems that we are just beginning to icoognize. 

I . 

P!i;lir Handler ■ 
Presuient 

Natjonal Aeademy^of Sciences 
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prefm:e 



This leport provides an account of what has been learoed 
•bout ndkMiudidn In the marine envboiunetit siiiee the 

publication of a report ahniif the same general subject by 
the National Academy of Sciences-National Research Coun- 
ci (NAS-NRO in 19S7. The preaent repgft has been writ- 
ten by the Panel on Radioactivity in the Marine Environ- 
ment of the National Academy of Sciences' Comniittee on 
Oceenography.* Thirty-one peisom ftom twenty oigiiiiia> 
tions within the United St;!tes-university departments, 
national laboratories, and federal agencies-and from three 
laboratories outside the United State* (Canada, England, 
and Monaco) have contributed to one or more of the ten 
chapters in the report 

Death canK to one ot the contributors, Joseph Rivera, 
and to one of the Panel members. Milner B. Schaefer, before 
the report was completed. Mr. Rivera, a scientist at the 
Atomic Energy Commission's Health and Safety Laboratory, 
New Yorlc City, devoted his research efforu to the meanue- 
ment of man'c expoaure to radiation from falkntt and con- 
tributed infomiation from hta iwaarch to the diteuaiion, in 

"Snceeedad tte OcHM AlUn Boeid la Navunhw 19m 



Chapter 8, of the ecological aspects of radionuclides in tlie 
ocean. Dr. Sdiaefer was a contributor to the 1957 inibliea- 

tion and also was a longtime member of both the National 
Academy of Sciences' Committee on Oceanography and the 
Phnel on Radioactivity in the Marine Environment. He was 
educated j fisheries biologist and was recognized inter- 
nationally tor lu^ broad understanding of the ocean, includ- 
ing the impact of radionuclides on the marine environment. 
Dr. Schaefer h.id accepted the respcMsihili'v fur writing the 
Introduction lor this report but later asked to be relieved of 
this responsibility because of iUness. 

I wish to express our appreciation to Albert Bove, Editor 
for the Dhnslon of Earth Sciences, and Richard Vetter, Exe- 
cutive Secretary of the Ocean Affairs Board, for their invalu- 
able editorial and adnunittnitive help. 

Pfaiancial support by the United Stales Atomic Energy 
Commission. Division of Biology and Medicine, for ex- 
penses related to the writing of tlie report is gratefully 
acknowladiad. 

Allyn H. Seymour, Chauman 
Panel on Radioacthrity in 
the Marina Environment 
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Chapter One 

INTRODUCTION 

A. H. Seymour 



The first significant release of radionuclides to the marine 
environment began in late 1 944 with the discharge of efflu- 
ent from the reactors at the Hanford atomic plant to the 
northeast Pacific Ocean via the Columbia River. In July 
1946, the detonation of two nuclear devices at Bikini AtoU 
introduced radionuclides into the north equatorial current 
^em of the Pacific Ocean. Since thai time, fallout from 
other nuclear detonations and radioactive wastes of various 
kinds have been added to the oceans of the world. Radio- 
nuclides ase now found in all of the ac«ans; they present i 
potential health hazard and lhu> aie of concent to the 
people of many nations. However, radionuclides as tags for 
chemical elements are a valuable tool for the study of bio- 
logical. chemical, and physical processes of the ocean, and, 
in this report, both the beneficial uses and the putentialiy 
iuuinful effects of radionuclides ate considered. 

Studies of radionuclides \n the marine environment and 
their impact upon populations of fish and mvi rii braies be- 
gan at Bikini AtoU in 1SM6. During subsequent nuclear deto- 
nations at Bildnl and later at EnhMtok AtoU. smdl-icale 
radioccological studies provided information about the bio- 
logical and geographical distribution of fallout radionu- 
clides near the test sites, but this faiformation was moat^ 
semiquantitative and seiniqualitative. In the !950's, the 
number of nations testing nuclear devices, as well as the 
number of nuclear detonations, increased; the teduidogy 

of radiation detection and measurement improved greatly; 
and public concern about fallout m both the terrestrial and 



marine environments grew. In 1956-1957. ttu- National 
Academy of Sciences-National Research Council (NAS- 
NRC) published a series of reports on the biological effects 
of atomic radiation. One of these reports, The Effects of 
Atontic Radiation on Oceanography and Fisheries (NAS- 
NRC Publication No. SSI), is an appraisal of radioactivity 
hi the marine environment at a time when fallout from the 
detonation of nuclear devices was the principal source of 
artificial (man-produced) radionuclides in the environment. 
Now, 25 years after the detonation of the fust nuclear 
device, radionuclides in the ocean continue to be a tubiect 
of worldwide concern, although attention is now centered 
on the input of radionuclides from the peaceful uses of ntip 
dear energy rather than on ''fallout,** whldi has become a 
nearly forgotten word. 

Tlie present report, prepared by the Panel on Radioac- 
tivity hi the Marine Environment of the National Research 
Council's Committee on Oceanography, provides an account 
of what has been learned about radionuclides in the ocean 
since 1957. The subjects selected by the Panel for discus- 

sili'n .ire siiurrf s nf r^s Jiniincli Jos: the distribution of '-"Cs 
and other fallout radionuclides; physical processes of water 
movement; chemical qrstematies and elementary reactivi- 
ties In leawater; sorption and scavenging properties ofsed^ 
ments; accumulation and distribution of radionuclides by 
maime orpninns; ndioeoologieal interactloot and consider- 
ations: and the effects of fBdioniiclides on marine o^nbmi 
and man. 
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Sources ol njiuial and aruiicial tadionuclides in the 
ocean are discussed by Joseph. Gustafson. Russell. Schuert, 
Volchok. and Tamplin in ChLipti-r ^ N;in!r;il radionuclides 
include radionuclides and their radiouciivc daughters that 
have persisted since (he earth's formation and radionuclides 
that are being produced constantly in the eartli's atmo- 
sphere. The radioactivity of seawater from all natural radio- 
nuclides is about 750 dpm/liter, <)7 percent of which derives 
from '*'^K. Because of the long half-lives of many natural 
radionuclides, all organisms living in the ocean have been 
and will continue to be exposed to an essentially constant 
level of background radiation. 

The principal sources of artificial radionuclides in the 
ocean are fallout from nuclear detonations, direct or indi- 
rect wastes from nuclear reactor operations, and wastes 
from medical, scientific, and industrial uses of radionuclides. 
Since the second nuclear test ban treaty in 146.^ fallout has 
decreased markedly, and in recent years only small quanti- 
ties of solid radioactive wastes have been disposed of in 
the sea by the United Slates. However, the number of nu- 
clear reactors has increased steadily, and, at tltis lime, 
wastes from nuclear reactor operatioiis ate considered to tie 
the greatest source of radioactivity in the nurine environ- 
ment. 

Only small amounts of radionuclides are released during 

the norma! operation of nuclear reactors The sources of 
these radionuclides, when they do occur, ate excess pri- 
mary coolant, produced by expansion of the coolant during 
rcji tor warm-up, and miscellaneous wastes, The eight origi- 
nai production reactors at Hanford are an exception in that 
the primary coolant is not recycled in a dosed system but 
is returned directly to the CoUimhia River. Hence, greater 
amounts of radionuclides are released directly to the aquatic 
environment from a Hanford production reactor than from 
other types of reactors of similar capacity. Although only a 
few curies of radionuclides are released directly to the envi- 
ronment by nuclear reactors, thousands of curies are pro* ^ 
duced within the fuel elements of tlie ro;K-ior These r.idio- 
nuclides. wlieii chemically separated troin the unused lucl 
element, create a major disposal problem. The present 
policy in the United States is to convert these highly con- 
centrated liquid wastes into a chemically inert solid for 
underground storage- Previously, these liquid wastes were 
stored in underground tanks, and, at one lime, their dis- 
posal in containers in the deep ocean was considered, but 
the policy was never adopted. 

The oceanic distribution of fallout radionuclides is dis- 
cussed in Chapter 3 by Volchok, Bowen, Folsom, Broecker, 
Schuert. and Bien, One of the irnporlant considerations is 
whether '^^Csand ''^St are present ai depths greater than 
1,000 m. There are three expert upn.ions-one that they are 
present, another that they are not present, and a third that 
they are present in particulate but not in iomc form. Be- 
cause of the significance of this issue to the undeniaodlng 



of ocean-water circulation and because no consensus was 
reached by the Puel, the unusual procedure wu adopted 
of allowmg proponents of each view to present synopses of 
their arguments. 

The presence of '^''Cs and ^<>Sr in deep water is also dis> 
cussed in Chapter 4. where the conclusion is -en ht-i' that 
these (WO radionuclides could be expected ji aeptlis tie- 
tween SOO and 2500 m at middle and low latitudes but not 
in quantities as great as some authors have reported. 

The principal subjects of discussion in Chapter 4, by 
Pritchard,Reid,Okubo, and Carter, are tlwse advcctive and 
nonadvective processes of water movement that influence 
the distribution of radionuclides in the ocean. The sim|4est 
situation, the instantaneous release of radionuclides in a 
{diysicochemical state in which compkie and immediate 
sohition occurs, is ghwn first consideration; more compli- 
cated situations are then considered, in which the radioa^ 
tive materials are released by several methods and in dif- 
ferent physicochemical states. 

The nidioactive "cloud" formed in the ocean by the In* 
ttoduclion of radionuclides is moved horizontally by local 
currents and vertically by small-scale turbuient-niotion 
processes. The eventual dispersion of the cloud is afiiected 
by the size of the field-of-motion eddy. Eddies larger than 
the cloud produce advection of the cloud as a whole, while 
eddies smaller than the cloud produce internal slie.iring and 
Stirring. Eddies the same size as the cloud produce shear in 
the velocity field and bi this way significantly influence the 
shape of the cloud and contribute lo its dispi.Tsiz-r: ;;s well. 
As the cloud grows in size, liie scales of motion that con- 
tribute to its movement and mixing change. Models de- 
signed to predict the shape of the cloud or the concentra- 
tion of the radionuclides at a specific place or tune must 
take hito account the nature of fheie diai^. 

The subject of "concentration factors" is considewdln 
several chapters, and tables of concentration factors for 
marine orgamsma are ghien in Chapters 5, 7, and 8. Concen- 
tration factors are useful for the prediction of the routes 
and rates of transfer of radionuclides from sea to man, and 
also for the identification of the nonoomatvativa alanmts 
in se nwiiter th it is. elements whose concentration may be 
signilicaiitly altered by biological processes. 

Several conditions may limit the effective use of concen- 
tration factors, i-irst. by definition, the concept loses mean- 
ing when applied to organisms that accumulate a chemical 
elaniant or radionuclide in some way other (han directly 
from seawater. Second, the value for the amount of the 
chemical element or radionuclide in the organism should be 
that value reached when equilibrium between the organism 
and seawater is reached. Third, the value for the amount of 
the chemical element or radionuclide hi seawater should be 
the representative value for the entire period of accumula- 
tion of the chemical element or radionuclide by the orga- 
nism and not the value for a single samfrte. Abo, these may 
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IntfwhicVon 

nol be a single concentration factor tor any common group 
of oipiiteni, taduding those of the nme apede*. because 

of the changes in concentration in the orpanism related to 
ihe physiologicul and environmental tactors that intluence 
tnetabolism. Further discussion of the use of concentration 
factors can be found in Chapter 8. 

Each of the tables of concentration factors in the three 
chapters was used for a different purpose. The table in 
Chapler 5. "Marine Chemistry," was used to provide some 
insight into tlie accumulation and distribution of specific 
elements by pbnts and animals. For this purpose, large er- 
rors were acceptable, and the marine organisms were there* 
fore classified only as either plants or animals and the con- 
centration factors were expressed as lo^anihins, Also, as 
discussed in Chapter S by Goldberg, Btoecker, Gross, and 
Turekian. the concentration factors and the ratio of ele- 
ments in both deep water and surface water were used to 
identify the nonconservative elements. 

llie nonconservative elements are identifiMl In gteater 
detail in Chapter 7. "Accumulation and Redistribution of 
Rttlionuclides by Marine Organisms " by Lowmtn, Rice, 
and Richards. In addition, the elements that are concen- 
trated by phytoplankton by a factor of 1 ,000 or more arc 
listed, along with important radionuclides of these elemenis. 
that are of interest in the consideration of biological trans- 
port. The list includes structural, catalytic and easily hydro- 
lyzed elements, tieavy halogens, and heavy divalent ions- 
tome of unknown biological function-all reported to be 
present either in fallout from nuclear detonations or in 
effluent discharged into the sea from nuclear reactors or 
reactor fuel-proceasing plants. 

The most comprehensive table of concentration factors 
is given by Bowen, Olsen, Osterbcrg, and Rivera in Ciup- 
ter 8, '*Ecologlcat Interactions of Marine RadioacthFity." 
where the concentration factors for chemical elements are 
listed by trophic level and by plant and ajiiinal group. 
Although clear-cut conclusions could not be made, the 
authors of this chapter were of the opinion that concentra- 
tion factors, in general, were inversely related to trophic 
level. In this chapter, the use of simuhtion models as the 

ultimate method of predicting what happens to artificial 
radionuclides introduced uito the marine environment is 
also discussed. Like other models of ecotogical systems, the 

applicability of the model is inversely related to the amount 
of pertinent information left outside the model. The success 
of models in the management of certain fishery resources 
and the special promise that the use of simulation models 
has for marine ecology indicate the possible success of 
models for deicciblng the dynamics of radionuclides in the 
marine environment. However, before present modeb enn 
move beyond the "early model" stage, as defined in Chap- 
ter 8. much more information is needed. 

Radionuclides can be removed from seawater by the 
biota and also by sediments and sedimentary particles, as 
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described by Duursma and Gross m Chapter 6. The sorp- 
tion cafMdty of a sediment for a ndionudide vftpewn to be 

controlled by the physicochemical state of both the sedi- 
ment and the radionuclide. After sorption, especially to a 
day-mineral particle, the radionuclide may move within the 
s!!i!cti!re of the particle while the particle i.s being moved 
by Lurierits and wave action. Bottom grazeis and burrow- 
ing organisms are important factors in the translocation of 
radionuclides in Ihe surface layer of bottom sediments. 

The use of sediments to scavenge ladionuclides from sea- 
water after an accidental release of radionuclides has been 
suggested. By this process, the radionuclides would merely 
be transferred from the water to the bottom sediments, 
which may or may not be advisable. The large quantity ol 
sediments that would be needed under the most favorable 
circumstances raises the question of practicability and cost. 

The effects of radionuclides in the ocean on marine orga- 
nisms and man are discmsed in the last two chapters. The 
discussion of the effects on marine organisms in Cliapter 9 
by Tcmpleton, Nalcatani, and Held points out that the re- 
sults of laboratory experfanents in various countries are not 
in agreement about the sensitivity of fish larvae to ionizing 
radiation. The results of some experiments indicate liiat 
there was no significant increase in abnormal larvae m fish 
expoeed to ^r+ *''Y concentrations a million thnes greater 
than the ''"Sr + concentrations that in other experi- 
ments were reported to tiave produced significant increases 
in abnomtal larvae. The concentration of ^'Sr In the 

experiments in which effects were observed was only one 
tiiird the concentration of naturally occurring ^"K in sea- 
water. These investigators also believe that embryo mortal- 
ity greater than 10 percent will significantly reduce the 
population size of the adult stock. For fecund species, the 
accuracy of this statement is not obvious. The radiosensl- 
tivity of the embryos and larvae of fishes is pertinent to the 
question ot radioactive-wastc disposal in the sea; hence, the 
need for further study of the radiosensitivity of fish larvae 
is evident. 

The radiation dose to plaice, a bottom fish, living in the 
vicinity of the disdiarge of radioactive effluent into the 

Irish Sea from Ihe Windscale Chemical Reprocessing Plant 
is exceptionally well documented and can be extrapolated 
in a general way to other species and other areas. The dose 
was predicted froin calculiiled vLihics for >!u' conccniralions 
of radionuclides in se.iwaiei and later deter nuned empiri- 
cally by use of thermoluminescent dosimeters (TLD's). The 
contribution of natural radionuclides to the total dose of 
7.4 rad for a plaice 2 miles from the discharge point was 
1 percent; the major contribution was from the bottom 
sediments, with a small contribution from seawaicr and in- 
ternal radionuclides. The dose to a fish living in surface 
water would be considerably less, because the contribution 
by bottom sediments would be essenlially nro. 
The predicted doses and the dotes measured by the 
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TUVs atuch«d lo plastic tags on the fish were in good 

agreement The small size ofTLD's permits their use either 
uKcrnally or externally for ri&h, oysters, and other organisms 
of a stmiiar or larger size. Future use of TLD's for tn situ 
jneasureiiieii! nl" t.uli;i!ion doses to living orpanisms is ex- 
pected to provide information not previously available. 

In oonsidering the effects of ioniidiig ntdiation on marine 
Oljanisms. the primary concern is with popubtions, not in- 
dividuals. Unless deallis by radiation reduced the stock be- 
low die level fbr roaxInNnn aastalned yMd, these deaths 
would not jeopardize the population and would merely be 
another type ol mortality. In the appraisal ot the genetic 
effects of ionizing radiation on marine organisms, it should 
be recognized that genetic damage at the population level is 
reparable by natural selection. A quotation in Chapter 9 
from Puidom (1966) sumnmrizes the effect of ionizing ladi* 
atimi on marine ofganisms as follows: 

It wouM seem litely that the genetic response of popula- 
tions is relatively uiOmpoftaot and that fenei al mortality 
and mCertUity would be 0» Unitint f icloft in the extent 
to which populations may overcome radiation exposure. 

The primary concern about the presence of radionudides 

in the ocean is their effect on man. as discussed by Foster, 
Ophel, and Preston in Chapter 10. Man may be exposed to 
ionizing radiation from aeawater m various ways. Swim> 

ming. walking on beaches, and handling contaminated fish- 
ing gear are some of the ways, but none is as important as 
the ingestion of seafoods. The question, "How much sea- 
food can be eaten safely''" then arises and leads to the con- 
cept of an "acceptable dose." The acceptable-dose concept 
implies that exposure to ionizing radiation from any source 
entails some risk of a biological effect; therefore, a dose is 
considered acceptable only if the benefits are greater than 
the risks and the risks are acceptable both to the individual 
and to society as a whole. 

The acceptable dose recommended by the International 
Commission on Radiological Protection (ICRP) is S.0 rem 
per 30 years or 0.17 rem per year. This dose is the accept- 
able average whole-body radiation dose for the general pop- 
ulitioii, exclusive of radiation from natural badcground 
sources and from medical uses of ionizing radiation. The 
recommended dose limits, either for groups that can accept 
a risk greater than the acceptable risk for the general popu- 
lation or for siii^'li.' ori-ntiN oi li^^ll>'^ ('lOiilei t!i:ii^ 0 17 
rem per yeai. I lie It Kl' icconimendations have been made 
on the assumption that dose and effect are linearly related, 
i.e., that there is no threshold effect 

The introduction of radionuclides into the ocean neces- 
sitates an assessment of the environment both before and 
after contamination occurs. The pre-evcnt assessment is 
needed to provide information for the prediction of effects, 
and the poetevent evaluations are needed to determfaie the 



actual effects. Predictions can be made by either the *'criti> 

cal pathway" 'hi.' "specific activity" approach. 

The criiicat pathway approach identifies the route and 
estimates the concentration of the ndlonudMe at each step 
in the rouie from seawater to rnan. The specific-activity ap- 
proach establi&lies a maximum permissible value for radio- 
nuclides in seawater by equatuig the specific activity in aea- 
watcr to the specific activity in the critical organ. If the 
specific activity of the critical organ is not exceeded in sea- 
water, then the allowable body burden of the radionuclide 
in man cannot be exceeded, recardless of the amount of 
seafood eaten. The specific activity is simple to calculate 
and does not require the information needed by the critical- 
pathway approach in regard to food webs, concentration 
factors, traiislei coclliciciils, and man's use ol seafoods. 
The specific-activity approach, however, assumes that reli- 
able information is available for the amounts of chemical 
elements present in critical organs and cannot be used for 
radionuclides that are poorly assimilated and thus have the 
gastrointestinal tract as the critical organ. Values derived by 
this approach are unduly conservative because full compen- 
sation cumot be made for radioactive decay that occurs as 
the ndianucHde moves from the sea to man and because all 
of itun*s food Is assumed to come from the contaminated 
area of the sea. 

Both the specific-activiiy and the critical-pathway ap- 
proaches can be used to predict the potential dose to man 
from the inlioduclion of radionuclides into the ocean. The 
Simplicity of ilie specific-activity approach suggests that it 
be tried first if the nuclides involved do not have the gastro- 
intestinal tract as the critical organ. It t!u- pri>lkted value 
for the concentration of a radionuclide released in seawater 
is less than the maximum permissible concentration value hi 
seawater as calculated by the specific activity approach, 
then the predicted release of radionuclides will not lead to a 
radiation exposure greater than the recommended limits. If 

the predicted radionuclide \;jlue i.v ;.'.reatef itiair tire ctiriserva- 
tive value derived by the specific-activity approach, or if a 
mora precise estimate of the probable dose is needed, then 
the critical-pathway approach should be used 

The specific-activity approach was suggested by in ad hoc 
committee of the National Reaftirch Coundl as a method 
for regulating radioactive waste disposal off the Pacific coast 
of the United States at a time when disposal of radioactive 
wastes to Uie ocean was being considered (National Acad- 
emy of Sciences-National Research Council, l')62). The 
cMiical patliway appioacti ii.is been used frequently; The 
National Academy of Sciences-National Research Council 
(195')a, b. I')62) and the International .Atomic Energy 
Agency Panel on Radioactive Waste Disposal into the Sea 
used this method to calculate maximum permissible con- 
centrations of radionudides in seafoods and in seawater, 
and the United States, the United Kingdom. France, Swe- 
den, and India have empioyed it tai the management of the 
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disposal of radioactive wastes. Tiie release of radionuclides 

fiom the Wiin]sc>ile Clieniicul RepriK-esMiig PUinl is an iiiiei- 
esting example of the use of the critical-pathway approach. 
It was round that ^Rn released from the plant was accu- 
mulated by an alga ilui is used in ilie preparation or i . ij 
eaten by a community of Welshmen. As a consequence, the 
fdease of '*'*Ru controls the release of radioactive wastes 
from this plant. 

Significant but still incomplete data aic now available for 
an evaluation of the biological consequences of the intro- 
duction of radionuclides into the ocean. The ability to pie* 
diet the distribution of radionuclides in the sea. as well as 
the ability to keep huinm exposure within the guidelines 
specified by the Internationa! Commission on Radiological 
Protection and the i-cderal Radiation Council, has been 
adequately demonstrated by the piedietioiM ind follow-up 

surveys thai already have been made. These guidelines are 
based on many factors, not all perfectly known, and are 
subject to change when new tnid better faifornnUon becomes 
avaJlabte. Therefore, the present guidelines are sul^ect to 



revision, althou|}i there is no evidence that the past and 

present policies and practices for radioactive waste disposal 
in the sea have jeopardized man or any marine species or 
ecovsienii. 
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Chapter Two 

SOURCES OF 
RADIOACTIVITY 
AND THEIR 
CHARACTERISTICS 

A. B. Joseph, P. F. Gustttfson, I. R. RtaseO, E. A. Schuert, H. L Vokhok, A. Tamptin 



Prior to I'M?, m.irrs exposure to ionizing radiation wyslim* 
ited, essentially, to natural ladioactivUy and medical x rays. 
Since then, the use of atomic energy hu become ui impor- 
tanl pari of the modern way of life. The first controlled, 
self-sustammg nuclear chain icaciiun occurred in December 
1942, and the flnt atomic bomb was tested sucoessfully in 
July H(>th kinds of events create man-made radioac- 

tivity. Over the past 25 years, the uses of atomic cncrg>' 
have grown more numerous, more diverse, and more wide- 
spread. In only a quarter ot :\ ; eimiry. man has created more 
radioactivity than existed naturally in the world in \^42. 
and the future will see quantum jumps in production. 
Tabic I indicates ttie diversity of types and appUcations of 
man-made atomic energy. 

To increase our understanding of radioactivity in man's 
enviroanient-more specifically, in the oceanic environ- 
ment-it is helpful to examine the uses of atomic encrg> . 
the conditions of the creation of radioactivity, its control 
and management, and where and how radioactivity is used; 
these factors bear on the role of radionuclides in the phys- 
ics, chemistry, and biology of the sea. Not all uses ot aiurnic 
energy release radioactivity to the environment; some never 
do. some always do. and some do only under accidental 
conditions. The spectrum of radioisotopes released into (lie 
environment varies with the lunds of applications, the chem- 
ical and physical form of the radioactive raateiial, and the 
environmental conditions at the place and time of use. 



Two sources of atomic energ\' create fission-product 
radioactivity -nuclear reactors and nuclear explosives, both 
of which involve the fiisioa of heavy elements. Nuclear ex- 
plosives may also involve fusion of light elements During 
the fission and fusion process, neutrons are released that 
may interact with sunounding materials to create new ra- 
dionuclides All of the ither sources of atomic energy (see 
lable I ) involve the ladiuaciiviiy derived from the fission 
or fusion processes-either fission products or activation 
products. The greatevi hmsre snunt' of radioactiviiv wt!! he 
nuclear reactors, assuming that the atmospheric nuciear test- 
ing moratorium Will continue. In 1967, in the United States, 
there were 17 commercial nuclear-powered generating plants 
with a total capacity of 2,000 electrical megawatts (MW^). In 
the early 1 970's, the number oi V S plants will be increased 
by 32 and power production hv iMXyo MW,-a tenfold in- 
crease In nodear generating capacity (US. Atomic Energy 
Commission, 1967a). Il has been estimated (hat 145,500 
MW, will be generated by nuclear plants by 1980 {VS. 
Atomic Energy Commission, i967b). not indadbig reactors 
outside of the United States or reactors for ships, research, 
and special purposes. 

It is evident that significant amounts of fission products 
will be generated in nuclear powei plants. The fission of 1 g 
of '^^U produces approximately 1 g of fission products and 
1 ,000 kdowatt-days of energy (at 100 percent efllden^y). 
At the end of one MW-year, the *1inportant" fission-product 
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tnersy Souroe Output AppUcatkms 



(oofitralM mi dear fMan) 


Steam fifeeftrieilv 


pnpuMon of ttdMnaitat and Mufaoe ihips 




Heat* t^tctAMft natttMHU 


Spacecraft and talelUie power, spacecraft piopaiiion. 

research and special mateTiDh production 


Nucleai explosives 


KJnctic eneigy 


Military and dviliun applicjitioi)>: large-scale earth moving, 
'.ubsurfaci' c xcavatfcMi, nlBtcal exliaction ftofli 

underground 


bncapsuUtcd radioisotopes 
(tealcd MHircet) 


likcuicity 


Marine navigation aids, unmanned weather stations, 
ipwBcraft pnvect power, aftifkial Iniinan ai|Htt 


Eocapculated radioisotopes 

Ratfimiiifllilw 


Ghwm wd beta ndiation 


Food preservation. polymerizalioa,fleiiUttllmaf mcdtci) 

supplies, thickness gauges 

Medkal uses, tiaceit in tcientinc reieardi, measures oi 
immifactining praceuet 



at'livity would aioount to approximately 7O0,|000Ci(U.S. 
Public: Health Service, I960). However, under normal oper- 
ating conditions, nuclear reactors release little radioactivity 
Into the environment (see Table 1 1). 

To date, the largest source of radionuclides in the ocean 
has been the atmospheric nuclear weapons testing programs 
of the United States, the Soviet Union, the United Kingdom, 
the People's Republic of China, and France. Meteorological 
processes distribute radioactive test debris throughout much 
of the stratosphere, which in turn results in wmldwlde dc 
IMSition of fallout on the earth's surface. Only China and 
Prance continue atmospheric weapons tests and add to the 
worldwide fallout bttrdlen. On the whole, the inventory of 
nuclear debris in the siatiia|iliei« has declined since oessa- 
tion of widespread atmospheric testing In 1963. 

Future uses of nuclear explosives are contemplated for 
large-scale construction projects and for programs in conser- 
vation of natural resources; the former are to be under* 
ground explosion with less release to the atmosphere than 
past nuclear testing programs, and the latter arc expected 
to be contained explosions. 

Eiuapsubted radioisiito|>es rcli mm: .in radioactivity to 
the environment unless the container i& ruptured. However, 
becatiae of the substantia) amounts of ladioaetlvity in- 
volvod. it is iniportaiit to Consider the environmental impli- 
cations of accidents. 

Sdentiftc, medical, and Industiial uses of controlled 
amounts of radioisotopes may release siHne activity to 
drainage systems that flow to the sea; generally, tliese quan- 
tities are smaU. In the United States, disposal of packaged 
wastes to the sea has been I.Trgely discontinued in favor of 
land burial. However, other countries still use the sea for 
disposal of low-level padtag^ radioactive waste. 



NATURAL RADIOACTIVITY 

More than 60 radionuclides occur nututjUy m the eaiili s 
environment. These derive primarily from two sources: the 
rocks and minerals of the solid earth and cosmic-ray activity. 

The solid-eaith radionuclides include 32 daughters of the 
long-lived uranitim and thortimi isotopes. There aie 1 1 other 
radioisotopes spread across the periodic table whose com- 
mon characteristic is a long half-life, i.e.. between I O** and 
10'^ years. Some of these isotopes probably originate from 
the spontaneous fission of uranium ui situ (Parker and 
Kuroda, 1958). 

The radionudides of the earth's crust arc believed to 
have been created when the earth was formed. Wind and 
water erode and leadi the radionuclides as part of the pro- 
ccss of rock wcjtlieriiig; they are then carried to the oceans 
by runoff or by the winds as gases and particulates. In the 
oceans, the materials are found throughout the water col- 
umn and in the sediments, according to their physical and 
chemical states, as described in Chapter 5. 

Cosmic rays originating in outer space continuously 
bombard the eaith's gaseous envelope Some of these pai 
ticles collide with atoms of nitrogen, oxygen, and argon in 
the atmosphere, producing radioactive elements. These ra- 
dionuclides are brought dowtt in solution tii the eatth's sur- 
face by precipitation, are sorbed on particles tliat settle out 
or are carried down by precipitation, or behave as a gas and 
enter into equilibrium reactions with water and other ma- 
terials on the earth's surface. At least 14 radionuclides are 
created in this manner, and a number of these have been 

measured in sea water ami in ocean sediments (see Table 2). 
Two of these radionuclides, ''H and also are produced 
by oudear detonations. 
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TABLE 2 Conoentntions of Natural RadionudkieB in the Sea* 



RcHhooctMty //? Ute Marine Environment 



In Seiwatei 



RidbMHCIide 


iMr-ttr« 


t/HtM 




lnSediiiientt<f/| 












PkilJiaimii ^11 


1.2S K lO'yr 


47 X lOr^ 


670 

Vi V 




Rubidium '87 


4.7 X I0'*yr 


3.4 X 10^ 


64 




tntliiiTn- 1 1 S 


6 0 X lO'* vr 








lodiTK' I :^ 


1.7 X lo'' yr 


1.6 X 10"'* 


0.06 




Linthtinuin-l 38 


2 0 X lO" yr 








Ncodymiuni-l 44 


5 0 > lO'* yr 








Sjoiftriuiii -147 


1 3 »: lo" yr 








Lutecium- 1 76 


2.4 X 10'* yt 








TkMwtait-lgQ 


lO'* yr 








Rhsaiiinvl S7 


S.O X IO'*yr 








nitlnMiii>l 90 


10'' n 








ThiHiuin-207 


4.79 mln 


<1.2 X 10^ 


<OjOOS 


2.1 X 10"*' 




3 10 min 


4 1 X 10*^ 


Oj003 


6 7 X 10"^^ 




19.4 yr 


1.1 X 10"'* 


0.2 


4.5 X 10'''* 


Lead-2 1 1 


36 1 min 


<9.0X 10"** 


<0.005 


1 .6 ' 1 0-2" 


Lcad-2 1 2 


10 6 hr 


2.4 X 10"^' 




3.9 X 1 0''** 


Www * i ^ 


26 H iriin 


2 9 X 10"^' 


0.2 


12 X 10"" 


Bi)unuth-2 1 0 


5.01 day 


7.8 X 10'" 


0.2 


3 1 X 10"''' 


Bismuth-2 1 1 


2 16 mtai 


<S.6X lO"** 


<0.005 


LOx Kr-' 


Biiiiuilh>212 




2.2 X 10^ 


0.007 


3.7 X 10"^ 


Biiiniith^l4 


19.7 nda 


2.1 X 10*" 


0.2 


8.8 X 10^ 




138j44ay 


2.2 X 10"" 


0.2 


8Jt X 10"'* 


Pitkloniiini*211 


O.S2«ec 


<6.8 X 10^ 


<U X 10^ 


1.2 X 10"** 


Poloniuni-2 1 2 


3.04 X 10"' sac 


1.2 X 10"'^ 


OJOOS 


2.4 X 10-" 


Polonium-3 ] 4 


1 .64 X lO"^ sec 


3.0 X 10"^* 


0.2 


1.1 X 10-*' 


Polonium-2 1 5 


1 K I 1 (r ^ JSC 


<S.l > 10"^ 


<o.aos 


1.4 X 10"** 


ruiiviiiuiii * 1 o 


() 1 ^ H sc .. 


1 fi V 1 
1 . ^* ^. lit 




1 7 V lO"** 


rviuiiiuiif^ 1 o 




3.4 X 10"^^ 


0.2 


1.4 X 1 Q-^ 


CUM Vlff*A 1 7 


j>yi XL 


^ 1 7 X 






RAdAn.220 


St.S MC 


3.3 X 10"^ 


0.007 


54 x 10'^ 




3 Rdav 




0.1 


2 s X ia''7 




22iiiln 


^AV 10^ 


<60X 10^ 

^V»V " IV 


1.4 X 10**' 


ttnrfiiim-^^'X 
1 u 1 11* A £ ^ 




<4,4 X 


<o.oos 


8.S X in*'* 


Pttj^iiim.m 


3.64 day 


3 1 X IQr^ 

mtl n IV 


0.007 


3.4 X 1 0*" 


ni|U lU 111 ' b a O 


1 622 Vf 


1 A K 10"'^ 

1 aV A iir 


0^2 


4 0 X 10"" 


Radium-22S 


6.7 yr 


1.4 X 10"'* 


0.0$ 


2.3 X 10'" 


Aclinium-227 


216 yr 


<1X>X 10"'* 


<0.2 


5.9 X 10"" 


Acliniurn*228 


6 1 3 hi 


1 .5 X 10"* 


0.075 


2 4 X I0-" 


rhorium-227 


lH.i7 day 


<7.0 X 10"*** 


<O.0OS 


13 X 10"''' 


I"horium-228 


1-91 yr 


<4.0x 10-" 


<0.07 


7.0 X 10''* 


Thorium-230 


7.52 X 10* yt 


<3.0x 10"" 


<0.014 


2-0 X 10-"* 


Thorittin-231 


2SAIir 


B.6X 10-» 


0.1 


2.9 X 10"*" 


Tliarittiii-233 


M2X 10'* yr 


1.0 X 10"'* 


2^X 10"'* 


S4)X IV* 


Tlioriuiii-234 


Ud4er 


4.3 X 


2.2 


lAX 10r»» 


Protaactinium-231 


iAiX l««y» 


<2.0X 10"" 


<0.2 


1.0 X 10-" 


Proloaclinium-234 


144 mill 


14 X 10-" 


220 


4.7 x 10-™ 


Uranium- 2 34 


2.48 X 10* yr 


1.9 X 10-'" 


2-3-2-9 


8-1 X 10"" 


Uranium- 2 35 


7.13 X 10* yr 


2 1 ' 10"* 


0-09-0-17 


7-1 X lO-* 


Uianiuin-23S 


4.S X 10' yr 


3 0 X 10-* 


2.0-24 


1.0 X 10-* 



Cotmic Origin 

Hydraiaii-3 12.26yr 1.7X Iflr" 0.036 

BeiyUiom-T 53 day <4.9x 10"" <38 

BwyNivm-lO 2.5 x 10* yt 2.2 X 10"" 10"* (1-3) X lOr'3 

Carboii-14 5.570 yr (2-3) X 10"'* 0.2-0.3 (0.1-1) X 10*" 

Sodium- 24 2.6 yr — 

Aluminum-26 7.4 X 10^ yr 2.9x10 " 1.2x10-* 
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InSMWMM 



dpm /liter 



Pho5phoru<.-32 

Phosphorus'J3 

Sutfur-3S 

Chlorinc-35 

C-hiL.:[.u--39 

Aixon-37 

Argoii'39 



710yr 
14.3 day 
25 day 
87 day 

3.1 X 

Ihr 

270 yr 



10* yi 



5.0 X lO-'* 
<1.5 X lo-H 
<3.1 X 10-" 
<1.8 X ur'* 

7.7 X 10-" 



3.S X 10-^ 



2.4 X 10-* 

5.5 X 10-'* 

19 X idr* 



(0-2) X lO*** 



"Compiled from Koczy anil Kosholl and and i'eten (1967). 



TABLE 3 Number ofNuckw Detomtions thrauglh 1968, l>y Locd Environment and Elevation of Explosion 



Continental Aiciic Island* Coral Islands Open Ocean 



Surface 58" 79* 16 

Tower 45 _ 11 - 

Ait Hid iMUoim^ 47 - 4B I 

HlglMltHttdtnidNMkeif 4 - 10 

BusBandiMp - - 3S - 

Underwater - I 3 2 

Underground 116 



'llWhida Soviet and Chinese iholi indicated Only W "Minoipberie." 
^Approxlmuely l.ooo-M.ooo-fl aliitwde. 
'AppraxIntMly 14l,ei»0-ri to MO^bI altUnde. 



NUCLEAR EXPLOSIVES 

Through December 1968, lome 470 nuclear explosives had 
been detonated in many parts of the world in the testing 
programs of the United States, the Soviet Union, the United 
Kingdom, France, and China. Ail nuclear tests, with the pus 
sible exception of contained, underground explosions and 
those in outer space, result in radioactivity being introduced 
into the ocearu. The kinds, amount, and characteristics of 
the mdioacthfity introduced variea with the number, size, 
md materials of the devices themselves. The environmental 
media that react with the heat and fission and activation 
products of tiie expiosion determine the physical and chem- 
ical characteristics of the debris and its subsequent rate and 
pattern of distribution. Tabic 3 is a composite summary of 
known or detected tests conducted by tlic Hve nuclear 
powers throu^ 1968 (Gitsstone, 1964; various press an- 
nouncements of Chinese and Fiencli tests). ThrnU[.,li r'fiX 
nuclear weapons tests have been conducted in both hemi- 
spheres under a wide variety of envlranmental situations-on, 
over, and under continental land nuuies.coral and aictic 
Islands, and the open lea. 

It has been estimated that there wete some 194 m«|aton 
equivaknu of flsalim produced by nuclear testini between 



l'^45 and 1963: 1 3') megatons as air bursts. 54 as coral sur- 
face or barge bursts, and one megaton as tower bursts ( f ed- 
eral Radiation Council. 1963). 

The total of 194 megstons corresponds to about 2.8 x 
10'* fissioning atoms of uranium or plutonium. Most of 
the fission occurred in '^U in thermonuclear explosions, 
ilence. to a good approximation the flssion product mass 
yield curve reported by llalldcn e! at. (\96\) vnil apply. 

The half-lives ol ' '\'s and '**Sr are, respectively, 30 and 
28 years. Using the tlssion yields reported by iiallden e/ «/. 
( 1 961 ), for thermonuclear-induced fiaiion. It is estimated 
that approximately 21 MCi of '"Srand 34 MCi of '"Cs 
have been introduced into the earth's atmosphere and onto 
the surface of the globe. 

The production of otlier fission products can be esti- 
mated similarly, using the fission yield and half-iife data 
tabukted by Hdlden et at. ( 1 961 >. A few specific nonfission 

inputs arc worthy o*' nii'r.ti mi. such as "" '"^W diniiit; 
Operation Hardtack* in 195». '°*iUi in tiie high-altitude 
ORANGE* explosion m 1959. and •«*Cd and iU">Cd in 

the STARFISH' 400 kin .-vplosion in The high-yield 

Soviet explosions in 1961 and 1962 produced much ''''Sb, 

*t>pmlieaal code RanMs; a ckranotocy is ti«n> in GtatHone (1964). 



Copyrighted material 



10 



RadloaetMty ia the Marine Envkrommnt 



>*Mii. and "''^Fe. The MIKE* tiiennonucleai expknioii in 

generated considerahle transuranium isotopes, includ- 
ing higlier mass isotopes of plulotiium. A sensible Iraclion 
of the debris from MIKE was depoiited in the Pacific, thus 
providing a number of unii^ue tfaoets with fairly localized 
input, iuch as *'"Pu anU - '-Pu. 

II appean that approximately lo^^ atoms of '^Pu (and 
perhaps one tenth as mtich ^^^Pu) have been generated by 
thermonuclear explosions in the course of testing. Nep- 
tunium-237 has also been produced In quantities compar- 
able to "*Pu. 

One hundred and forty megatons, or 72 percent of Ihc 
total yield, were produced as airbursts, i.e., under condi- 
tions in v^hich the fireball did not intersect the ground. 
Documented casei of tower-burst inputs represent a small 
fraction of the total-in tlie vicinity of 0.5 percent and 
nuy be taken to be of trivial significance in the context of 
the marine environment. However, the third category, sur- 
face bursts, while representing only about 28 percent of the 
total, deserves .special attention because of highly localized 
input, the majority of whkk WIS hi the MacsbaD Uands, in 
the 1 95 2 Ivy, 19S4 Castle, 19S6 Redwuig, and 19S8 Hard- 
tack series. 



Qiaracteristics of Radioactive Debris 

The chaiacienstics of the particles formed in a nuclear ex- 
plosion are deternuned by a large number of factors. Among 

the more important arc the yield of the device and the 
quantity and kind of nearby environmental materials inter- 
acting with the nudear explosion. The Motogica] availability 

of the radioactivity in the debris particles will depend on 
particle size, the chemical form of the radioelcmenl, and the 
matrix hi whidi the radioactivity is bnbedded or to which it 
is attached. 

PAItTICLE size DISTRIBUTION 

Airbursts In general, more than 90 percent of the radio- 
activity in airburst debris is to be found in very findy dif 
vided particles, less than 1 fi in diameter. The literature on 
the particle size distribution of debris produced by airbursts 
is sparse. Nathans suggests a log-normal size distribution 
with a peak diameter in the differential size distribution be- 
low 1 II in diameter (M. Nathans, Tracerlab Inc.. personal 
communication). Sherer proposed an exponential form of 
distribution for particles larger than 1 n, based on micro- 
soopk sizing of partides of verified radioactivity, e.g., the 
particle size distribution as a function of its diameter is pro- 
portional to e'"'^, where 6 is a parameter having a value of 
1-2 for nominal-eize (20-kt) explosions and D is the 

*Operatk>iiiil code naiac*; • ditonoloigy It givea in GJassiooe ( 1 964). 



diameter hi microns (J. Sherer, Lavnenoe Radiation Labora- 

lory, Livermore, Calif . personal communication). 

Whatever the true lorm of the si/e disiributu)n function, 
it is dear that the particle population increases rapidly with 
decreasing particle size to below I y.. There is considerable 
indirect evidence that particle size is related to the yield of 
the device, or more precisely, to the yield to mass ratio. 
The size distribution curve is shifted to smaller sizes as the 
yield increases. Since the bulk of the radioactivity in air- 
bursts resides in submicron particles, and these are slowly 
acted upon by gravitational forces, the worldwide strato- 
sf^eric distribution of airburst debris Is relatively insensitive 
to the exact form of the size distribution. Very few par- 
tides m excess of 10 ii in diameter are found at any yidd. 

Tower Bursa In tower bursts, a coasiderable portion of 
the supporting structure will be volatilized or mdted. Few 
quantitative data tttve been published that reveal details of 

the size distribution of tower burst events. It is clear from 
environmental studies accomfNuiying tests, however, that 
the particle population contains particles much larger than 
are t'ound in airbursts of llic same yield For example, 
Larson (1966) reports that significant fractions of the radio- 
activity are to be found in particles in excess of 44 ii. Hence, 
a large fraction i.' ilu- radioactivity is deposited locally, and 
proportionately less enters the long-iange-long-term atmo- 
spheric distribution system. 

Corai Island Surface Bursts A number of explosions of 
moderately h^ to high yield have been conducted on coral 
island surfaces or on barges, sometimes in rclalivcly shallow 
water, in these cases substantial quantities of coral may be 
melted and vaporized, and, together with the vaporized 
consiiiuenis of seavvater, may become major tadjoBClive 
debris cuiistituenls. 

Data im the size dbtribotion of radioactive debris from 
multimcgaton explosions on coral islands are limited The 
slieer magnitude of the event precludes collection of ade- 
quate samples from the prompt fallout and the residual nu- 
clear cloud. The samples that have been retrieved and 
analyzed inevitably sutler from lack of definition concern- 
ing the precise fraction of tlie total radioactive particle 
population the sample represents. 

Figure 1 gives a composite size distribution of radioactive 
panicles for bravo as obtained tr n.i prompt fallout re- 
corded on nearby islands. Note that the maximum observed 
in the vicinity of I SO /i reflects only that particles smaller 
than 1 SO ix were incompletely deposited at the collection 
point because of their finite gravitational settling rates. 

Nathans e/fll. (1970), hi studying the size distribution of 
doud samples of nuclear debris of BRAVO and other coral 
isfamd surface explosions, found that the results for all par- 
tides (radioactive and inert) over the range I -100 m fit a 
power law of the form /(J) a CD-", where n may have the 
value of about 4. Power law distributions are rather 
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monly observed for natural aerosols, for zodiacal dust, and 
for stntoqilierfc diut. Rusadl ( 1964) found a pow«r law 

description for cloud samples of a low-yield surface explo- 
sion. Heft (1970) described a cloud from a coral surface ex- 
plosion as representing the superposition of two log-normal 
distributions H.nvevei, because of the late time of sampling 
Heft's samples, smulat to Nathans", contained very little of 
the laigar and of the particle size spectrum. In any event, 
there appears to be a physical basis for a multimode set of 
particle distribution functions describing the debris as a 
whole. At the larger end of the particle size spectrum, par- 
tides are fomwd by coakacenoe of smallei paitictes ctaanG* 
terlatie of the pre-shot sod. Mdting and diock compaction 
are presumably partly responsible. A second phase, distrib- 
uted about a smaller median diametar, is attributed to un* 
malted, still-crystaObie drtnia vwept into nndaar douda 
by tlie atrong aftcrwinda. 

ACTIVITY CONCENTRATIONS OF RADIOACTIVE DEBRIS 

Radioactivity per unit mass of particle vanes m both kind 
and amount witii flie itat and diape of the partietea of da- 
bris formed in nuclear tests. A term used to describe the ra- 
dioactive content of particles h "activity concentration."* 
Activity of racHoactiwa debris may be nported as atoms of 
radioactive species per gram of debris, as dialntegiitioas per 

•In view «r • awrcteal ««e and connotation of ^tpecine KtMly** to 
ubiaqMat diaptMa, to titf* chapter w« wiU u* "actlvtty comwiib- 
Ihm." 



minute of radioisotope per gram, and so on. in this section, 
activity concentiation is given in unite of eqtdvalent fbsions 

per I'jam of debris. An equivalent fission is the number of 
fissile atoms (e.g., ^**U, ^^'Ihi.or ^^*U) required lo give 
the observed number of fbsloo product atoms, or, altema* 
lively, the nurr.her of nvsioninp uto'Tis associated with a 
given numbei ot product atoms of any kind. 

The situation is complicated by a phenomenon called 
"fractionation." If the debris sample were unfractionated. 
i.e., representative of the true proportions in which the ra- 
dioactivity was produced in the device, then equivalent fis- 
sions calculated for all isotopes in the sample will be identi- 
cal. Because of differing chemical and physical properties, 
the elements may fractionate with respect to each other 
during the condensation and subsequent cooling pluse in 
die fireball and nudear doud, or may fractionate by selec- 
tive attachment onto pre-existing condensed materials. The 
elements in the chains that are gaseous at ordinary tempera- 
tures, or low-bofling. may experience sharp differentiations 
from elements whose metals or oxides are high-boiling. The 
more refractory elements or oxides (those condensing above 
I SO(f K) will have condensed out well before 60 sec have 

elapsed, even for megaton explosions. 

One can calculate the theoretical population of chain 
members in tlw first few minutes by using the diarge divi- 
sion hypothesis of Glendenin ct al. ( Ii? I), assigning prob- 
able nuclear charges based on the method of Wahl (1958), 
and using estimated half -lives after the method of BoUes 
and Ballou (1956). 
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The average activity concentration of airburst debris is 

calculable if the fission yield and mass of (he device struc* 
tuce arc knuwn. l^noiing activity concentration asS, 

Here W is tiieyidd in idlotons and M it tiie mass in tons. 

The units nf S are equivalent fissions per gram. 

Howevci, because ot tiactiunation of the radioelenients 
daring the cooling phase, no specimen of debris may cor- 
respond to this value, except hy chance. Benson ct a!. (!%5) 
have presented data that imply ttui the activity concentra- 
tion of airburst particles over the range of a few to 15 mi- 
crons in diameter is roughly constant ri-c\ toiind thai the 
**Zr content of the particles is rouciiiy roljied to the cube 
of the particle diameter. Barium- 140 shows a radial depen- 
dence, rou^y as 3-2.6 over this size range. These larger 
particles are strongly depleted in '*^Ba and all other volatile 
or semivolalile chains. Hence, the bulk of their activity is 
oontiibuted by zirconium and rare-earth nucUdes and a few 
additfaMal refraetdiy or semirefractory species, leading to a 
quadeonsiaat activity concentration behavior. 

TyptoaUy, it is found that the fraction of the man found 
in particles in excess of 2 ^ will exceed by a factor of three 
or more the fraction of the most rel'ructory fission product 
found in tiiis size interval. Thus, in the above example, 30 
percent of the mass might be found in particles larger than 
2 ju associaietl with only 10 percent of the Ar Tliis result 
may be attributable to poor mixiitg between the volatilized 
device materials and the fission products. It may also arise 
from concentration effects, insofar as ihey modify the con- 
densation temperature of the higher-boiling elements or 
their oxides. The fission products may represent only 
to 10'"* of the concentcationof the stiuctoral components 
in the fireball vapors. 

In panicles smaller than 2^3 (t, however, the activity 

concentration increases sharply for all nuclides .is required 
by mass and activity balance constraints. There are few pub- 
Itahed details on this region, and the general behavior must 
be inferred from gross beta particle speciftc activities. 

In the case of surface or near-surface bursts, the expand- 
ing fireball will be admixed with inert soil, some of which 
will have 'm-t'ti vap-nt.'ei! ^m-ie melted, and some of which 
will remain esscuiiaily unalictcd. The extent and lime se- 
quence of mixing between inert debris and tl^slon products 
will be variable from event to event and would be expected 
to be dependent upon explosion conditions. Soils are vari- 
able in composition, and water vapor can represent a signif- 
icant and undetermined component of the qfstem, particu- 
larly in coral surface bursts. 

Despite the complexity of the chemical and physical 
procesies anendiiig a famd^surface nuclear expknion, certain 
consistent patterns of debris bduvior are observed. 



Empirical observations of land-surface nuclear debris sug- 
gest that a distinction be made amoagat least three classes 

of particles. 

1 Completely volatilized material that recondcnscs to 
fmcly divided particles consisting of the device structural 
members, the fission products, and some environmental 

material. 

1. Melted bill not coiiipletely volatilized environmental 
material into which fission products my diffuse Of onto 
which they attach. The melted entitles may coalesce to 

form larger particles. 

3. Unmelted environmental material, swept into the nu- 
clear cloud by the afterwinds. to which fission products or 
small condensed radioactive agglomerates attach by surface 
impaction. 

To these may be added a fourth cLos-sphericai particles 
of very high activity concentration (up to 10'* equivalent 
fiariom per gram) are found. These may represent coales- 
cence of condensed vaporized soil and fission product drop- 
lets, with rapid agglomeration to larger particles. Some 
coalescence of this component with melted inert droplets 
may also occur, leading to a spherical end product. 

Figure 2 depicts empirical activity concentration versus 
particle size data for a 15-mcgaton coral island explosion. 
This curve is drawn on the basis of radioactive particles 
only. It was determined by radioaiitogiaphy that the frac- 
tion of radioactive particles dimini^ed rapidly with decreas- 
ing size below 44 ft. This effect Is responsible for the steep 
slopes of both classes of chains. lefiactory and volatile, be- 
low 44 /i. Consequently, the absolute magnitude of the 
slopes of the curves below 44 is not to be tsken too liter- 
ally, since there is some uncertainty in the assessment of 
the number of radioactive particles. If correction is not 
made for radioactive par tides, the activity concentration 
curve for diafai S9 is flat over the entire range of particle 
sizes. 

In Table 4 ate assembled some activity concentration 

data, expressed in equivalent fissions per gram of fallout, 
collected near the fallout site. Data for a refractory-chain 
'*Mo, a volatile-chain ^^Sr. and a chain of intermediate vol- 
atility '■'"Da are t;iven These d^ta represent activity concen- 
trations thai would be observed it the total yield of the 
device were due to fission, i.e.. they have been normalized 
to 100 percent fission yield for comparative purposes. No 
attempt has been made to distinguish between radioactive 
and nonradioactive partides In the samples, with the excep- 
tion of the IS-Mt case. 

An admnture of inert (nonradioactive) debris will in 
general represent material physically displaced by theeneigy 
of the explosion to the sampling position. 

Some significant points become apparent from a study of 
Table 4: 
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1. The noraulized nfnctoiy-chaiii activity ooncentra- 
tloitt from coral surface «x|ilioalooB arc nlativdy iatantitiw 
to yield, and, indeed, to partide il» between about SO it 

and 250fj in diameter. Tiic average "F/g for the foui events 
is 6.9 X 10''* over lliis range of sizes. The average deviaiion 
from the aver^ is about 36 percent. The greatest varnbil- 
Ity is found at the large-particle end of the spectrum. 

2. if columns 2 and 3 are compared, corresponding to 
fallout near zero and 80 km downwind, the activity eoneen* 

trat ion of the debris transported downwind is seen i be 
uniformly higher for ail classes of isotopes. This suggests a 
longer opportunity for debris attachment processes to occur 
when the mean residence time in the :l:iiid is Icnpihcned. 
(However, abiolute fallout mtensities downwind will nor- 
mally be lower because the lumiber of grams of fallout de* 
posited per unit area Is smaller.) 

3. Spherical paiticles (column 5) ate uniformly lugliei in 
activity concentration for chain 99, a refractory chain, than 
arc the irregular parlicles [Tompkins and Krey (l9S6)lie* 
port (iiat about 25 percent of the total activity at 10 days 
after the expioalon was attributable to spherical particles in 

the 5.1-Mt explosion, but only a few percent of the nuss. 
Spherical particles were difficult to find in size fractions 
bdow 17? It. One should not. however, mfer their absence.) 

4 Volatile chains shi>w a somewhat greater variability in 
activity concentration from event to event than do refrac- 
tory chains. The mean residence time in the doud exertta 



strong influence. (Compare 3.5 Mt near ground zero and 
80 km downwind.) Also, Uie degree of mixing in itie doud 
appears to have been somewhat more effective In the S.t-Mt 
case than in the other instances. Whereas spherical particles 
were strongly enriched in refractory chains relative to irregu- 
hns <rf the same size, this is not the case with volatile chains. 

5. An activity concentration maximum in the vicinity of 
300 M is a recurring freature, which is most pronounced for 
the spherical population. Volatile diains appear to decrease 
in activity concentration roughly accc)tding to D - past 
300 the behavior is more in accord with for refrac* 
tory chains, with the slope being slightly flatter for spheres 
than for irr.-ii il.irs Tf n- .c IVjtnros. if present In the 15 Mt 
case, were not revealed by the analysis tttat grouped all par- 
tides larger than 300^ in a single fraction. 

In summary, few unequivocal statements can be made 
concerning the activity oonoentration behavior of coral sur* 

face debris. However, certain of the obser\'ations have at 
least a partial explanation in (he thermal and mixing history 
to whidi (he debiis was subjected. 

We believe the large. hig^-spccific-activit\ Nplieies to 
represent, in part, fireball condensate that coalesced to large 
diopletsand, in part, melted soil particles that experienced 
no coniit-iKation hisior\' but that coalesced with high-acliv- 
ity-concentration droplets of condensate origin, blectron 
micraprohe analysis of spheres from coral island explosions 
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TABLE 4 Activity Concenintioa and Putide Size. Cbral Idand Surface Explatiom (Equiviient fissionsX IQr** per gram)' 



3.5 Ml 

(Trompt Fallout 
marCroviidZao) 



3.5 Mt 

(Fallout Collected 
80 km Downwind) 



S.l Mt 



5.1 Mt 

(Spheres Only, 
GrauadZeto) 



15 Mt 

(Radioactive Particles 
Only. Shot AtoU, 
Splwnspliu 



0.04 Ml 

(AUPafticles,Sliol 
Audi, Sptoiw plin 
tneguluO 



S7 4.8 

88 4.9 

125 5.8 

177 6.0 

297 124 

$94 11.9 

840 3.1 

C hain 89 ("^r) 

57 0.075 

88 0.065 

125 0.046 

1T7 0.042 

297 0.043 

594 Oj044 

840 0.07S 

Chilnl40('«'Bi) 

-■^7 0.32 

KK 0,27 

125 0,20 

177 0.17 

297 0.15 

594 0.16 

840 0.031 



16.0 
10.6 
9.S 
1L5 
13.2 
21.3 
24.3 



0.24 
0.17 
0.19 
0;14 
0.12 
0.11 
0.070 



1.2B 

0.74 
0.99 
0.77 
0.7S 
0.67 
041 



10. 2* 
8.9* 
84* 
9.0^ 

15.2* 
5.7* 
4-7* 



0.36* 
0.28* 

a24* 
ai8* 
a22f 
an* 
ao42* 



0.67* 
0.54* 
0.45* 
0.39* 
0.49* 
0.31* 

ai2* 



3S 

too 

68 
58 



0.24 
0.26 
0.063 
0X131 



7.2 
6.6 
6.2 
6.0 
4.8 
34 



0.086 

0.11 

0.12 

0.12 

0.13 



048 
0.74 
0.18 
0.085 



0.20 
0.22 
0.22 
0.23 
0.25 
0.13 



15 
4.0 
4.7 
5.7 
4.5 
1.6 



0.063 
0.074 
0.082 
0.062 
QM4 
a063 



0.35 
0.28 
030 
0.23 
0.18 
0.24 



•Derived from Mnri:i nth:in iT a/. ( 1960). 
*(rregular\ plui iphi-rc. ncir ground zero 
Iff egului only, sphero removed, near ground zero. 



show a number of instances in which spheres arose by 
coalescence of heterofeiMous dfoplett (Norman and 
Winchell, 1967). 

The Iwluvior observed for volatile isotope chains 
in particles in excess of 300 ii is explicable on two grounds. 
Vapor phase controlled dtfiuaion may lead to an activity 
proportitmal to tlie diameter of the particle for a given ex- 
posure time and hence to an activity concentration inversely 
as the square of the diameter. Also, larger particles aie fall- 
ing out of the volatile-rich cloud faster than smaller par- 
IkIcs. leading to a decrease m activity concentration with 
increasing diameter, it is of some interest also that the up- 
take of refractory chains proceeds as I/O, indicating inoof- 
poration as the area for these large particles. The refiactovy- 
contaming droplets are probably attached very early (in the 
first few minutes); vapof phase oontroUed diffusion proh- 
ably plays no role here. 



The activity concentration maximum ol a volatile chain 
is understandable in terms of lesidence time in the cloud. 
A 100-^ particle found in the prompt fallout pattern could 
not have originated from so high a position in the cloud as a 
300-SOO-Ai particle and hence vrauld have been exposed to 
volatile chain vq^is for a Aorter time. 

Attempts to achieve a basic understanding of fractiona- 
tion behavior as a function of explosion conditions and 
yield have been made by a number of worliers. The thermo- 
dynamic model of Miller (1960) was a major step m placing 
fallout studies on a scientific basis. Norman et al. (1970) 
have carried the Miller model forward with a number of sig- 
nificant refinements, both conceptual and experimental. 
The ijJij". Jisd ibu'.ii 111 niijiJo; uf Frcilui^, (1961 , 1963) leads 
to considerable systemization in the treatment of debris tie- 
havioff. Heft (1970) has achieved eoniidenUe aucoeas hi 
describing fractionated systems with a nonphenomenologi- 
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cal model that introducct a nrinlnwin number of teiie as- 

Runptions 

Laboratory studies by FreiUng(1970) and Adam&e/o/. 
(1967a, 1967b) have lecently focuaed on the kinetic aspects 
of the pickup of fission-product vapors by molten oxide 
droplets. SImilat studies are under way in a number of other 
labontoriea. osing methods of hi^-tempctatura chemittiy. 

A satisfactory physical model of debris formation processes 
must probably mciude due consideration of vaporization, 
condensation, and aniomeiativa procesaes. Equally Impor- 
tant is a better understanding of the early thermal and mix- 
ing history within the ball of fire and developuig nuclear 
cioud. 

RELATIVE VOtATIUTIES OF SOME FISSION PRODUCT 
CHAINS 

It is appropriate to mention briefly fundamental chemical 
diifeiences between subclasses of volatile fisaion product 
mass chains. Chain 89 is volatile mainly because of the 3.2- 
min **Kr ; Rb , another chain member, will behave as a 
volatile clement during the initial stages of fireball coiding 
when only tJie most refractory demenu have oondemed. 
On the other hand, if the temperature is we!l below ^ boO- 
ing point of rubidium or its oxides, the latter will quickly 
attach to a debris particle surface. Similarly, the volatility 
of chain 131 , usually measured as *'*I,!s conferred by the 
relatively low b nliii^i properties nf Sn. Sb. and Te oxides. 
When the temperature has fallen to below 1000° C, these 
elements can be amsidered to be no longer volatile for the 
usual range of partial pressures. 

It is apparent that radiochemical composition of the fall- 
out must cbaniiK proceeding downwmd from grouod zero, 
becoming more enriched in volatile lelativB to lefiactory 
chains. 



The Special Case of Underwater Exptodons 

Only an insignilaani fraction (less than 0.1 percent) oi ilie 
total megaton equivalents of fission detonations (see Table 
3) has resulted from underwater hursts These events have 
the unique characteristic of being point source injections. 
The initial oceanic distribution is a function of the yield 
and depth of detonation. Based on limited test experience 
in oceanic situations, for shallow explosions, from one third 
to two thirds of the debris may be found in the mixed layer 
in a pool many hundreds of meters in radius and mixed to 
the existing thermocline (approximately 100 m). The his- 
ior>' of such an injection as it was influenced by currents, 
turbulent diffusioa, and decay, is depicted in Figure 3 as 
meaitmd fRmi in liraaft and in Figure 4 as measured by 
an In sfm gamma probe (RIel. 1962). 
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FIGURE 3 Surftct pattarn of distribution of radioactivity from a 
nomlftaHrtoM underwater cxpiMl«n a* measured from an aircraft at 
SOCMI (1 504i| aliltttda. (tSaimm camow value* In mR/hr.) 



Debris from deep explosions deposited in the thermo- 

clinc layer will generally react to the same environmental 
influences; however, since the subsurface scale of turbulence 
is small, the predominant activity reduction mechaniim is 
radioactive decay. Discrete lamina of radioactivity were ob- 
served in the thermocline layer after the WIGWAM test.* 
The fraction of the debrb in these waters, as reported by 
Isaacs (1962 ). was estimated to be approximately two thirds 
of the total debris released by the explosion. Advection and 
diffusion of tadiooctivfty in the ocean is discussed in detail 
in Chapter 4 

Fractionation of tission products ciciicJ in uiidcrv^atcr 
detonations is not severe (Freiling and Bailou, 1^62) Indi- 
vidual fission product data from samples collected shortly 
after detonations indicated a variation of no more than 30 
percent in predicted fission product ratios. An exception 
was "'Sr from a deep burst, which varied by a factor of up 
to about 10 in relation to otter flidon product radionuclides. 



*A 30-ict device detonated at a dcptli oi 2,000 ft (610 m) in the 
racneat 2r N, 126* W. in 19SS. 
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Nuclear Explosion Debris and Its Interaction with 
Seawater 

The physical and chemical states of bomb debris in scawalcr 
aie poorly understood. Some theoretical eslimaies have been 
made, a few delerminatioiu from actual debris have been 
reported, and some laboratory studies using stable elenient 
counterparts of detonation debris have been undertaken 
(FreUingand Ballou. 1962: Greendale and Ballon, 1954). 

Kadioiuiclide physicocheinical states arc largely deter- 
mined by their state at the time of addition to the ocean 
(or by the initial sute and the decay of their precui sof s) 
and by the effects of their chemical environment. 



Little is known of the fundamental processes of form- 
tion of nuclear debris from an imderwater exploaion. In the 
absence of large quantities of bottom material, the initial 

processes can be visualized as forming debris consisting of 
vaporized and dissociated water, seawater salts, and device 
materials. For a I (Met device detonated underwater, on the 
Older of 7 X lO'' kg of s^-awaier will be vapori/ed. The 
bubble of debris will then contain, in addition to the vapor- 
ized device materials and the 7 X 10* kg of H, 0. 1 .3 X Iffi 
kg of chlorine. 7.7 X 10* kg of sodium uiid potassium, I, IX 
10* kg of calcium and magnesium, 6.3 X 10'^ kg of sulfur, 
and le« than 7 X I0> kg of any other aeawaier conttituent. 
As this system cools, nudeation of the debris should be 
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goveraed by iron, calcium, and magneduni oxides. The ini- 
tial nuclei would therefore bo expected to consist of par- 
tides of calcium, magnesium, and iion oxides of l«s& than 
20 fi diameter. Tlieae would contain the refftetoty-lilce fa- 
dionuclides. Upon further cooling, these, in turn, would 
serve as nuclei for deposition of more voiatile radionuclides. 

The raleaieoffliaion products to aeawater firom nudear 
debris depends primarily upon particle solubility and leach- 
ing properties. It has been esublished that tlie ease of leach- 
ing gross beta activity from fidlout particles increases in ttie 
following order: tower-shot debris silicate-burst debris, air- 
burst debris. Some authors report that the solubility in- 
creases as the size of the debris decreases. The debris from 
coral surface bursts is reported to be lli|)lly SOluMe in ica< 
water (Adams el al.. 1960). 

For underwater explosions, release to the seawater would 
include late-condensing soluble fission products and col 
loidal particles bearing most of the activity. Due to tJie large 
surface-to-volume ratio of small particles, leaching of soluble 
radionuclides would occur with liigii efficiency, leaving the 
insoluble radionuclides in the colloidal state. It has been 
shown that the halides, alkali metals, and alkaline earth 
metals will generally occur as soluble spedas in their normal 
oxidation states. Ortain other elements, such as B, P. Ce, 
As, Sc, Mo, Tc. and Te. are expected to occui as oxygenated 
anions that would be found partially in solution and par- 
tially colloidal or particulate. Nearly aU of die remahiing 
elements may be expected to exist as oxides or hydrated 
oxides associated with colloidal or gross particulate matter. 
However, oar under s t and ing of the interaction of radio- 
nuclides in such a complex mixture of inorganic compounds 
and organk and biological material is far from complete. 

As a result of limited expeHmcnta, Fieiling and Ballou 
(1962) suntmariMd the natuie of underrater nudear explo- 



sion debris in seawater. They found that the total activity bi 

the soluble ph.ise increased from 35 percent at one day after 
the event to approximately 60 percent after two weeks. 
This increase was attributed to the slow conversion of some 

of the constiturnt elements into soluble material, rather 
llian to the production of new elements through radioactive 
decay. 

The percentage* of soluble and imohible frMctions of a 
number of radionudidet were also determined by Ballou 
(1963), as shown in Table 5. Time data generdly fauUcate 
greater volubility fhan that earlier reported by Greendale 
and Ballou (1 934), 

Snnihr ui««atigations were carried out with waterbome 
debris from an underwater burst in which the fireball con- 
tacted the bottom of a coral lagoon, lliese data, after Ballou 
(1963), are reported in Table 6. Particle sizes ranged from 
0.001 to 10^ in diameter. The distribution of radionu- 
clides in surface water was collected 2 hr alter iJetonation 
and analyzed 31 hr after detonation. "Solid phase" refers to 
material remaining in the ultrafiltrate. Standard deviations 
were calculated from duplicate analyses. Deviation of sums 
from unity indicates a lack of mass balance or is an indica- 
tion of sanqiie contamination. 

For the data in TkUe 6, radiocheniicd analysis for se- 
lected radionuclides was performed on duplicate aliquots of 
the gross samples, ultranitrates, and dissolved membranes. 
Results from successively separated fractions did not reveal 
any change in the physical state distribution of any radio- 
nuclide with tune, but mass balance deHciencies prohibit 
firm condttsioos In some cases. The results from successive 
ultrafiltrations have therefore been :>.ver:iped. The results for 
each radionuclide discussed below are compared with the 
Ksults of the two previous invenlgMions. Induded in eadi 
discussion is the maas balance adiieved and the effect of an 



TABLE S Pierctntages of Activity of Radionuclides in Utraflltraiea from Surface Water Samples, Underwater Burst 
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1 8 RadioactMty in the Marine Emiroaimot 

TABLE 6 Radionuclide Dutributions 31 hr after Detonation in Lagoon Bunt; H -i- 2 Surface Water Sample 



Fnction Diitritation 



Kjdionuciidc Solid Ptusc CoUoidal PhaW Sulublc Phase 





O.on t 0.00 


0.11*0411 


0.99 t 0.00 
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0 38 I 0.01 
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0.39 1 0 01 


0.00 • 0 00 


"Mo 


o.:h t 0.00 
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0 60 


0.25 ♦ 0.00 






0.60 t 0.00 
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0.00 1 0.00 


0.01 1 0.01 


0.99 1 0.01 




0.ti t 0.02 


ai4 1 ao6 


0-03 1 0.00 




ao2 1 0.00 


ai It 0.01 


a04 ± 0.06 




0.47 * 0.00 


OM t aoi 


ao2 10.00 



*Teid nra nrUw. 



additional membrane on the physical stjte distrihutinn and 
on (he mass balance observed. Masit balance deficiency may 
be taken at a measure of contamination potential, since it 

presumably arises from adherence '^f \h: rjrJinjciive species 
to the walls ot the polyethylene container or to the surtaccii 
of tliA ultrafilter apparatus. 

**Sr An average value of 4 1 1 percent of the **Sr was 

found to be in the insoluble phase, and an average mass bal- 
ance of 1 16 1 S percent was obtained. The results show a 
somewhat greater soluMlity than that found in underwater 

arcing experiments, bill mil mitside (he precision of tlie 
methods. The results weie unaffected by tlie presence of a 
second membrane. 

^^Zrmd ^Nb Anaiyaet wen performed for both of these 
radionuclides, and no distinction between their behavior was 
evident. The presence of a second membtane increased both 
the mass balance and (he percentage of activity appearing in 
the colloidal fraction. With eithei a single or double mem- 
brane, 0-8 percent of the activity was found in the soluble 
state, in fair agreement with underwater arcing results. Wth 
only a single membtane, an .i. i ii e of 48 percent wa.s found 
to be insoluble, but the results were spread from 34 to 66 
percent. The results from the deep underwater burst are 
within this range. 

"Mo Mass balance was consistently good, averaging 1 02 1 

5 percent. Using a single membrane, an average value of 
68 ± S percent was found to be soluble, in good agreement 
with the deep underwater burst results. With a double mem- 
brane, 26 1 5 percent was found to be soluble, in agreement 
vnth underwater arcing results. 

'"-^/iu it was found that iS peicent uf the tuihenium 
was insoluble, the mass balance being 105 ± 6 percent. No 
douMe-membrane effect was noted. The solubility is there- 



fore pieiitei th:.ii indicated hy the value of I percent from 

the underwater arcing e.xpcnmenls. 

'^•Te The insoluble fraction was found to contain 64 ± 9 
percent of the activity and the mass balance was 81 ± 12 

percent No Jouhlc iniinl :.inc etTect was noted. These re- 
sults are in better agreement with those from underwater 
arcing than with those from the deeper underwater burst. 

'■*"iia This ladionucUde showed a much higher solubility 
than the smgle detemunatHm made for the deep underwater 
burst would indicate. Only 5 ± ! percent was found in the 
insoluble fraction, the mass balance bemg 88 ± 4 percent. 
No douUe-membrane effect was noted. The results are sbni- 
lar to thoae obtained for **Sf , 

Total rare earths Tlic insoluble fraction ciirr;ii:ii-il - 3 
percent of the activity, in accord with the deep underwater 
burst results, but the mass balance was only 71 1 3 percent. 
No doiihle-membranc effect was noted. Cerium- 14 1, 144 
was found to behave similarly. This behaivior is not inconsis- 
tent with the results from the underwater ardng experiownt, 
in which it was found to be soluble to the extent of 3 per 
cent or less. 

'^^V The insoUihle fraction contained 46 ± 5 percent of 
the activity, but the percentage of activity found in the sol- 
uble fraction was quite variable. Tlie deep underwater burst 
results also indicate considerable variabiUty. No double- 
membrane effect was noted. 

^Np With single membranes. 50 i 2 percent of the activ- 
ity was found to be insoluble, in agreement with the deep 

underwater burst results With a double membrane, how- 
ever, 93 percent was found to be insoluble. As in the case of 
'^''U, the percentage of activity found in the soluble frac- 
tion was quite variable. 
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Radtoactive Fallout from Nuclear Weapons Tests 

The q)eciflc chaiactei of the oceanic conUmination from 
mictear «xploiions depends veiy diiectiy upon the natwe, 

size, and physical location of the event. Thus, underwater 
bunts introduce radioacuve contanunation directly and im- 
mediately into the SM in a reUthrdy imali and well-defined 
area Surface or air detonations, depending; i:pnn rhe size of 
the burst, distribute the debris in the atmospltete to varying 
altitudes and horiaontal distances. The extent of these atmo- 

sphcric dispersions directly influences the rate of fallout of 
the radioactive maiertal and its ullimale distribution on the 
earth's surface. 

The bulk of the nuclear debris from large surface oi air 
bursts enters the stratosphere. Once in the stratosphere, this 
material is. for practical purposes, insulated from the earth's 
weather, and the rate and extent of its distribution are deter- 
mined by meteorological processes in the iiratosphere. In 
general, the stratospheric mixing rate is more rapid within 
the hemisphere of injection than either the fallout rate or 
the rate of intrahemispheric mixing. These factors result in a 
generally characteristic pattern of distiibution of the radio- 
active aerosol within that hemisphere. 

Removal of radionuclides from the stratosphere occurs 
by downward mixing and diflfusion, with the major entry 
Into the tiopo^heie occurring in the middle and upper 
latitudes during late winter and early spring, in both hend- 
spheres. The rate of stratospheric depletion of nuclear debris 
depends, to a degree, upon the latitude of the injection and 
the altitude of stabilization of the particles. 

T}»is rate, termed the "stratospheric half residence time" 
lias been empiricaily observed to resemble a simple exponen- 
tial decay. The mfaibnum rate appears to be about 6 months, 
for nuclear ic-sU in tin- lnwrr >tral'.jsphc:c in polar regions. 
Debris injected into very tugti altitudes may iakx 2 years or 
longer before Teaching the ground, ft is interesting, however, 
that since the partial test ban treaty went into effect at the 
end of 1962, the stratospheric half residence time has re- 
mained quite eonaient at about 10 months. 

The rate of intrahemispheric mixing in the stratosphere is 
slow, compared to the average observed stratospheric fallout 
rate ; hence, the buUc of the nudeer debris lemains within the 
hemisphere of introduction I'pon leaving the stratosphere, 
the debris is deposited on the earth's surface primarily as a 
diMct lesult of precipHation and with a "troposphefk half 
residence time" of approximately ^0 Javs or less 

The seasonal release of stratospheric debris into the tro- 
posiihere, the probable latltudbul distribution of tills re- 
lease, and the indicated precipitation pattern^, on 'he yound 
combine to pioduce the observed spring maximum in fallout 

and global distribution with higher values in the mid- 
latitudes. Figure S illustrates a typical latitudinal distribu- 
tion of stratospheric fallout. 
Of the many radionuclides produced to the testing of nu- 



clear weapons. *^Sr has been exanrined the most intensively 

and extensively because its relatively higlT fission yield 
(''i.S atoms per 100 fissioiu) and its bone-seeking character 
and long phy^eal half-life mdce it potentially the greatest 
fallout hazard to man. Measurements of ^"Sr in is v iriety of 
environmental and biological media, including human speci- 
mens, haive been made since the beginning of weapons test- 
ing. Atmospheric measurements coupled with the direct 
assay of ^''Sr in soil have made possible the assembly of a 
*<>Sr inventory. Interestingily enough, the inventory of '^Sr 
in the atmosphere f mainly in the stratosphere) plus that 
pieseiH on the surlacc matches quite closely the total pro- 
duction of '®Sr calculated from weapons testing to dale. 
This does not imply detailed knowledge of the precise '®Sr 
yield, or indeed the explosive yield, of each and every deto- 
nation, but It does apply to the time average of such events. 
Hence, we may conclude that we know the production and 
distribution (on a broad scale) of this particular radionu- 
dide. The annual production and late of deposition of *^Sr 
are indicated in Table 7. 

Table 8 lists the annual deposition of '^'Sr by \(f latitude 
bands for the period 1958-1966. These values were com- 
puted from the data of the worldwide sampling network and 
am based upon the assumption that there is no systematic 
difference in fallout efficiency between ocean and land sur- 
faces. With that restiictiQit, the infomiatioo in Table 8 mey 
be utilized u a dhfect measure of bipttt totheooemsasa 
function of time. 

Table 8 may also be used to derive stratospheric deposi- 
tion values for other fhslon product nuclides on the ftirther 
assumption that the ratio between such nuclides and '"Sr is 
constant. There is substantial evidence that this can be as- 
sumed with some confidence for *^Cs; hence, the ^St val- 
ues of Table 8 can be converted to '^'Cs values by multi- 
plying by the constant 1.5. Calculation of amounu of other 
lelattoety longJhwd fission products, such as *^Ce and *'Zr. 
from ratios should be used with caution and roust be 



TAfiL£ 7 Worldwide ProducUon and Deposition of ^^Sr 
(hiMCi) 
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corrected for ridioaetive decay, ilaoe their hilMlvM m lel* 
athwly ihort. 

A calculation of the distribution of '^Fe produced as a 
product of activation by neutrons presumably on materials 
of the nuclear devices also was made based upon the ^^Fe/ 
^Sr ratio. A wry substantia] amount of this nuclide was 
made and injected into the stratosphere during the U.S. and 
Soviet test series in 1961 and 1962. The fallout data for 
^'Fe, though sparse, suggest that it lud apparently become 
rather well mixed with the '°Sr in the stratosphere by 1*)63 
On this basis, an average ratio of ^^Fe to *°Sr of 9.4 was 
derived and uaed for the compilation of Tabk 9. 



Future Applications of Nuclear Exploiives 

Some potential peaceful appUcations of midear explosive* 

constitute a potential source for the introductior. nf radio- 
nuclides into the marine environment. The proposed appii- 
cations that could contribute the moat ndioactivity to the 
oceans; involve the use of nuclear exphNivet for the con- 
struction ut liarbois ui canals. 

The U.S. Atomic Energy Commisilon't Bo wahare Pio- 
gnm for developini potential uses for midear explosives is 



i!i It- L iil . developmental stages. While some experiments 
have been conducted in terrestrial situations, none has been 
aiscmpicd in the mariiK environment. Guidelines for the 
employment of nuclear explosives and for the design of the 
explosives themselves are still being developed and lefined. 

Environmental contamination resulting from nuclear ex- 
cavations would differ significantly in at least three ways 
from that resulting from atmospheric weapons tests. First, 
most of the radioactivity produced would be retained in the 
broken rock that f.ills b.ick mlo the crater and in the cjecla 
in the immediate vicinity of tlie detonation site, and any 
portion that moves from the detonation site wiH do so only 
by surface runoff or groundwater trariNpori. Second, the 
ladioacttvity produced per megaton of explosive force will 
be substantially reduced by employing explosives with low 
fission yields, by using nonactivating neutron absorbers to 
reduce the neutron activation of components of the explo- 
sive and of the soil, and by usbig explosive componenu 
whose activation products are of low biological significance. 
Finally, because low-fission-yield devices will be employed, 
activation products will equal or surpass fission products hi 
curies produced and in biological significance. In this re- 
spect, however, it is important to note that, of the radionu- 
clides thus far introduced bito marine or freshwater environ- 
menu, the greatest potential hazard to man has involved 
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TABLb 8 Annual Deposition of '^Sr Since 1958, by 10" Bands of Latitude (in MCi) 
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activation products such as ^'P. ^Zn. and **Fe. In under- 

giouiui explnsions. Ml joiilJtiiiii;ilion of giouiidwatei iti:iy 
be a biological hazard, depending on the quantity produced. 
There are three sources of the radionuclides produced in 

a therr)ii>niic!e;ir cratering explosion: fission vr - l-ii 's, r;idio- 
nuciidcs induced in the device materials, and radiuiiuclides 
induced in the environmenlal media surrounding the device, 
in addition, between 7X10* and 5X10'' C' if n Ilium, de- 
pending upon the nature of the therinoiiuck ir reaction, 
itwy be produced 

In a thermonuclear explosion, roughly 10-'' neutrons 
will be produced per megaton of yield. In addition, a large 
mimber of protons, deutcrons. tritons. helium c nucleii, and 
alpha-emitting radionuclides will be generated. These neu< 
trons and charged particles will react with the materials of 
the device to pioduce a wide variety of radionuclides 

EstlniatKMi of the activation radionuclides produced in a 
ntictear event is difficult because many of the cross-section 
values necessary for the calcuhtions arc unknown. However, 
using the data thai are knovm, such as Ng's calculations of 
the aclhnition products in mafor rock types (1965), and 
using worst-case a.ssuinptions wliere iiociied, esliinales of 
the potential biological hazard of a device can be made 
(Kaye era/., 1969:Taniplin, 1967. Ng and Thompson. 1966; 
Burton and Pratt. l')67; Tamplin f/ <//.. l'n)SMjriiii. 1>16'>), 

When an explosive is detonated on a tower, all of the ra- 
dioactivity produced is released to the atmosphere, but 
when (he explosive is dett^nated underground, only a frac- 
tiun of the activity is released to the atmosphere. When the 
explosive is buried deep enough, all of the activity remains 
luiderground. In cratering e\peiiiiicn;s, in \\\uch the expand- 
ing cavity ruptures the surface to form the crater, the ma- 
terial above the exploshw acts like a filter bed and removes 
a large portion of the radioactive materia! that would other- 
wise be released to the atmosphere. The eflicicncy with 
which a radionuclide is removed depends on its chemical 
and physical properties (n on those of its precursors during 
the venting process. Fission products such as '-'^C's and 
"Sr. which have rare-gas precursors during the venting pro- 
cess, are found in tmich higher relative concentrations in the 
cloud than are refractory radionuclides that do nut have 
gaseous precwsois. such as '^Zr or '^''Nd. Therefore, to the 
extent that it is possible, the fraction released to the atmo- 
sphere must be determined for each specific radunuiclide 
of interest. 

The final physical and chemical forms of the radionu- 
clides produced in a nuclear cratering explosion are poorly 
known, except for a few species. The final forms depend, as 
in the case of fractionation, upon the chemical nature of 
the species present during cavity expansion and venting. 
The chemical species present depend upon such factors as 
the water content of the medium and the overall oxidation- 
reduction potentials of the mixline. Large quantities of rock 
are melted and vaporised along with the imterials of the 



device itself. As the cavity expands, the vaporized materials 

begin to condense, the order of condensation depending 
upon the volatilities of the materials. It is possible to alter 
this overall process by placing hi the immediate vicinity of 

the device materials that could, for example, change the 
overall oxidation-reduction potential of the mixture and, 
therefore, the chendcal species present. Whether such a pro- 
cedure should be considered, of cottrse, depends upon the 

associated biological hazard. 

The U.S. Atomic Energy Commission (1967c) has re- 
leased the following information concerning the radioac- 
tivity released to the atmosphere by cratering explosives: 

In order to plan for major excavation prc(fects, the fol> 
lowing factors relative to release of radioactive debris should 

be taken into account: The amount of radioactivity airborne 
in the cloud and in the fallout is minimized by scavenging 
diirnig the venting process, hy special emplacejiienl techni- 
ques. In 'jiili/ing miiuinuiii lission e.vplusives. and by em- 
ploying extensive neutron shielding. Based on .'easonable 
assumptions about these factors, the following mi jMiution 
can be used in planning for cratering events ot uset at magni- 
tude. For each individual nuclear explosive detonated, the 
sum of fission products airborne in the radioactive cloud 
and in the fallout can be expected to be as low as the equiv- 
alent of 20 tons. The tritium release may be less than 20 
kilocuries per kiloton of total yield. The sum of activation 
products airborne in the radioactive cloud and in the fallout 
may he expected to be as low as the amounts shown in the 

followinj; table: 

Representative Set of Induced Radioactivities at Detonation 
Time (Total hi Qoud and Fallout) 



Nuclide Production, Kik>curic for Yield of 



Nudide 


lOOKT 


IMT 


10 MT 






800 






(J 1 


0 4 


OK 




0.01 


003 


0 06 




0.1 


0.3 


(1 7 


5*M« 


6jm 


2ojm 


50,000 




0.04 


0.1$ 


0.3 




0.04 


o.ts 


0.3 


•Ww 


6 


to 


14 


>"w 


300 


500 


700 


203^ 


1,000 


7.000 


30.000 


Other 


IS 


20 


40 



NUCLEAR REACTORS 

Nuclear reactors have been designed and built for a variety 
of purposes, as indicated by Table I. Lach purpose involves 
a design concept keyed to the desired form of energy out- 
put, which in turn depends on the intended application. 
Reactors are designed to produce power, neutrons, radio- 
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active isotopes, and fissionable material. Rach design pre- 
sents different operating cbaiacteiistics and could also influ- 
enoe the amount and type of wattei to be diiposed of. 

All pro cni nuclear reactors are designed to induce fission 
and to sustain and control the chain reaction. Futtue nu- 
dew power souroes may inchuie fusion when h b leamied 
how lo sustain and control temperatures of aho.i* a million 
degrees. The principle of operation of various tission reac- 
tors is flie same in all reactofs, but for difreient reactor con* 
cepts the major variants art" ilu- cnmpnsiti in and construc- 
tion of the fuel rods, neutron tcllectots and moderators, 
control rod qrstems, and heat exchangie materials and meth- 
ods. Of special interest is the construction of fuel rods and 
the manner of their use, because radioactivity is created in 
and adjacent to the fuel rods.* lypicnily. Aid rods or ele- 
ments are fa^iriciled of nssinr' ibie uranium in the form of 
plates or pins tliat are conipleiely encased (cladded) by a 
corrosion-resistant metal alloy such as stainless steel or zir- 
coniiim alloy (zircaloy). The fuel elements are assembled 
mto a cluster, forming the core of the reactor. The core is 
imme rsed hi or bathed by a coolant fluid. In the United 
States, most reactors used for making electricity use iso- 
topically hght water that also acts as a neutron moderator. 
In the United Kingdom and other nations, nuclear electric* 
generating reactors having graphite moderation and g^ 
cooling, generally air, are more common. Oui discussion, 
however, will be concerned mainly with U.S. practices. 

In water-cooled reactoirs, the core and coobnt are con- 
tained in a vessel called the reactor vesKi, usually of heavy 

steel construction. Heat is generated by flssion of the fuel 
and is conducted through the walls of the cladding to the 
moderator-coolant. The ^ of a reactor is measured by its 
Bistained thermal output, usually in kitowalis (kW,^), 

Products created by the fusion of uranium are retained 
withbi the cladding of the fuel elements unless there is a 
hole through which they can leak to the coolant. Howcvi 
some neutrons do escape from the core to interact with im- 
purities in the coolant and with the reactor vessel and other 
nearby materials The neutron activation products in the 
coolant are the major source of radioactive wastes in reactor 
operations. 

Nuclear reactors arc generally housed m airtight steeel or 
concrete shells designed to contain airborne contamination 
from either normal or abnormal reactor operating condi* 
tions. The sites on which reactors arc located are usually se- 
lected to restrict the exposure of nearby populations to ra- 
dioactivity that may be released hi a reactor accideiit.t 

*Thn dbcunloii is concerned only with hetetogeneous imckar ttt[> 

tors. hoiiiD^oneou^ iejclor>, jn u IiilIi thi' I lk'I i'. in a liquid Otilllld 
stale, arc nut yi-l hc ornJ the conceptual research stage. 
^There lu^c hicii ivm> known reaclor accidents "Windscale*'aad 
"SL*l"-aiul a picplaniwd reactor exeuiiion'-"Boxax." These ace 
dawribed Iqr OinHnr«r«f. (1958), VS. Atome Enatgy Cmmniwion 
(1961). and ICianNr<19SI>. 




•oajiiMMne im pwssuMKMMna tvm 

FIG(}REC Schematic nuclear al(ctriep«warf«acl«n. 



Nuclear Electric Power Reactors 

Two systems luve been devised for recovering the heat from 
nuclear reactors hi order to generate steam and electricity. 

One, the boiling-water reactor is direct . the other, the 
pressurized- water reactor, is inuireci. These systems are illus- 
trated diagratnatically in Figure 6. 

In the United States, all of the central-station electric 
power nuclear reactors are either ot the boiling-water or the 
pressurized-water types. Power reactors exported by the 
United States are also of these types. These contrast with 
the natunl-uranium-fueled, gas-cooled power reactors of the 
United Kingdom and France. As in the United Sutes, for- 
eign nations project increasing use of nudear reactors for 
electric power generation (Table 10). 

Thermal electric generating plants discharge some heat 
via their oooUng qrstenu because they are not 100 percent 
efficient in converth^ heat to dectridty. Modern fossil- 
fueled generating plants have a thermal efficiency of about 
38 percent, while nuclear phuiu are about 32 percent effi- 
cient. Ptotuie reactor plants, on the average, will have sub- 
slantially larger generating capacities than those of today, 
and they will, tiierefore, require even more coolant flow. 
Some of this thermal capacity of large nuclear plants wiB be 
put '.".ork in desalting seawalcr in dual purpo&e plants. 
It IS expected iliai, as more generating capacity is installed, 
more plants will be constructed m coastal locations, where 
coolant water supply is essentially unlimited. This IS already 
being done in the United ICingdom. 

Nudear power stations produce radioacthre wastes hi 
easenn:; liquid, .ind snhd forms. Most of the fission products 
created within the fuel elements remain in the fuel elements 
until they are removed in chemical procesihig plantt for 
leoovery of ihc unused hf\ 

A recent survey by Blomeke and Harrington (1968) of 
up to 7 years of experience hi managhig radioecthe wastes 
at six operating nuclear power generating stations revealed 
that most of the radioisotopes present in the waste gases, 
liquids, and solids firom power reactors originated in the 
primary reactor coolant The isotopes appeared m the wastes 
as by-products of rcpurification of the coolant from the ac- 
tivation of corrosion products from diemical additives, from 
natural impurities hi the wat« and even from the water it- 
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TABLE 10 Nuclear Power Plants in Operation, under Con&truciion, or Planned for the Near huiure' 



Cottnlry 


Thfough 1967 




1967-1973 




Ho.ot1f»tm 


Capacity (MW,) 


No.ornantt 


Capacity (MW,) 


Belgium 


1 


~- 

10 


2 


1456 


Caruda 


2 


22l> 


5 


2282 




8 


1177 


5 


2885 


W.Gcmany 


4 


317 


8 


1891 


India 






5 


980 


Ildy 


y 


«07 


2 


683 


Japan 


2 


1«S 


« 


2662 


NetliariaiHlt 






1 


47 


Pakisun 






1 


125 


Spain 






3 


1073 




1 


9 


2 


591 


Swit.'crland 


1 


7 


4 


1756 


United Kingdom 


37 


4125 


11 


6390 


United Sutci 


14 


2782* 


61 


46,94 



*AfMr U.8. Atonk Enwiy Conniuion (l««7b). 
*U.8>. Aiomic EniTfy Cemnditiaa (IM7c). 

*4l teving a comMnMl aaiMratfaif cipaciijr of 14,70S MW, am uadir cominKiiiHi: pNiacHom an dUouih 1974. 



self, arul from fission products that may leak into the coolant 
thtougti defective cladding. Evidence indicated that some 
fisskin-product tritium may have difYiued through stainless 
steel fuel dulding. 

Gates aie removed from the primary coolant stream m a 
variety of ways. In boiliiig>water reaelon, over 99 percent 
of the radiolytic and fission gases are removed continuously 
by passing large volumes of air through the steam turbine 
air ejector. Short-lived gaseous isotopes are decayed by a 20> 
to 30-niin delay before release. In pressurized water reactors, 
gases arc normally removed only when the coolant is with- 
drawn; some may teak out of the pressurized lystent Pres- 
lurized water reactors are provided with gas storage tanks, 
usually enough to allow several weeks' decay before release, 
if needed. 

The primary coolant is treated by demineralizalion to 
keep the conductivity of the reactor water below 0.S fivnhol 
cm This reduces corrosion rates within the system and holds 
down radiation levels in Uie pipiiv system outside the core. 
In pressurized-water reactors, corrosion may be further hi- 
hibited by hydrogen overpressure and by addition of hydra* 
zine, ammonia, or lithium hydroxide. Suspended solids m 
the coolant stream are removed in part by filters and by the 
demineralizer beds; depending on the age of tlie sv^-.cni 
suspended soUds are also deposited on surfaces (tuoughoul 
the primary system and occasionally may be "bumped" 
loose. 

Accotdiitg to Bloineke and Harrington (1968), other 
sources and kinds of wastes associated with reactor opera- 

lions arc generally of routine irnpnrMncc but under un- 
usual circumstances they can be signiticant problems. Liquid 



wastes include the l.irge volumes of water used for shielding 
during refueling operations and the wastes from decontami- 
nation operations, the laundry, the analytical laboratory, 
and the fuel storage p<H>l; solid wastes from replaced reac- 
tor components and instruments to contaminated tools, 
hdioratory ware, laundry, removable flow ooweriogs, and 
decontamination materials such as paper (wiptt) and ra^— 
have a large radioactivity range. 

RADIOACTIVITY CHARACTERISTICS 
Radionuclides in the gaseous wastes consist primarily of the 
activation products '•'N and '*'Ar and isotopes of the noUe 
gas fission products. Kr and Xe, and halogens. 

Radionuclides found in the coolant waters, and subse- 
quently in the solid wastes, include most of the fission prod- 
ucts and activated corrodon products such as -^H, '^^P. ^>Cr. 
S'Fe. s*Mn 'Ho, "H o, «Zb, "*»A|, '**"Cs, '"Cs, 
'^■Cs, "»Ba,and '""Ba. 

OlSPOSAt PROCEDURES 

If low in activity, liquid wastes are generally diluted witii 

condenser cooling water to below 10'*' mCi cc and dis- 
charged from the plant. Other liquid wastes, particularly 
from dendneralizer regeneration, that contain relatively 
large amounts of activity and dissolved salts are collected in 
temporary storage tanks and then treated or decontami- 
nated by evaporation. Evaporator overheads may be passed 
Ihrougli mixed bed demineiaii/ers and returned to the plant 
system or discharged from the plant. Evaporator bottoms 
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fiontaiiinig salt uid r»d«iactMty in the form of sludge m 
mbwd with cement, put Into drams, and shipped to raglonal 

land burial grounds. 

Solid wastes contain about the same ^cirum uf radio- 
nucHdes as the Hquid wastes. These too are packaged and 
shipped to land burial sites 

Table 1 1 summarizes the radioactive-waste-management 
experience at four boiling-water and two pressurized-witer 
nuclear reactor power stations 

Alan Preston, of the Ministry of Agriculture, Fisheries 
and Pood of the United Kingdom, summarized in a private 
conitnunication the annual liquid radioactive waste itil* 
charges of eight nuclear power stations operating in the 
United Kingdom in 1966. as diown in Table 12. 

IMateriais^oduction Reactors 

At one time there were rune plutuni urn-producing reactors 
at the Hanford Plant, along tlie Coiumbii Rhwr approxima- 
tely 360 miles upstream from its mouth on the Pacific 
Ocean; six of these were shut down between January 196S 
and January 1969. One of the remaining reactors is dual- 
purpose, producing etfctr-c power (7'>0 MWj. capacity) as 
well as Plutonium; ii wd!> started up in 1963. lliese produc- 
tion reactors are designed for low-prenure. single-pass water 
cooling: the dual-purpose re;icloi has i clnsed cvclc coolant 
system similar to a prcssurii^cvi-wjicr rcuciiir in single-pass 
cooling systems, particulates in the river water arc removed 
by coagulation, sedimentation, and filtration before the 
water enters the reactor. Sodium dichromate is added to 
reilttce corrosion before the .v j;cr passes through the reac- 
tor core and carries away the heat of fission. Impurities re- 
maining in the water and corrosion products from the piping 
systems are neutron-radioaciivated by the high neutron flux 
of the reactor core. In addition, fission products occur in 
the coolant because of natmal uranium dissolved in the 
river water, uranium contamination on the surface of the 
fuel cladding, and occasional rupture of the fuel cladding. 

Parker (1959) reports some 61 radioactive isotopes, as 
listed in Table 1 3. were detected in the Hanford reactor 
coolant disdurgie 4 hi after passage itirough the reactor. The 
reactor coolant stream Is discharged to the Columbia River, 
where it mixes with the river water and is carried through 
four impoundment reservoirs emoute to tlie Pacific Ocean. 
The disunce is approximately 360 miles, and travel time is 
I to 3 weeks, depending on stage of flow. The time of river 
flow permits radioactive decay, and interactions with the 
stream bed, sediments, and biota gready reduce the spee- 

trum of radioisotoj-KJs reaching the ocean. J. F. Honstead. 
of the Pacific Northwest laboratories. Battelle Memorial 
Institute, RkMand, Washington, fai a private communica- 
tion, estimates that annual amounts of radioactivity teach- 



ing the Pacific Ocean are as indicated in Table 1 4. In the 
early years of Hanfwd operations, methods for identifying 
and measuring extremely low concentrations of radionu- 
clides were not yet developed. Consequently, samples ware 
simply analyzed for *'total beta" or *'total alpha*' content. 
The discrepancy between the "total beta" for 1960 and the 
sum of the isotopic analysis is explained by the fact that 
there Is a low counting eflicien^ for " Cr and ^^Zn in a 
total beta analysis. The effect of decay time and river envi- 
fonment on the amount of radioactivity leadung the sea is 
seen in TaMe 1 5, wMch compares the concentrations at 
Richland. Washington. 34 miles downstream from the reac- 
tors, with concentrations at Bonneville Dam (the last im- 
poundment before dia sea), some 200 mites downstieam. 

Naval Propulsion Reactors 

As of 1968, the United States had 76 nuclear -powered sut>- 
matines tai senrice, 21 uodef construction, and 8 more 

planned.* The United States also operated a two-reactor 
cruiser, an eight-reactor aircraft carrier, and two reactor- 
powered frigates. Three simUar frigates, a deep-sea research 
vehicle, and a two-reactor aircraft carrier wctc pl;inncd or 
were being built (U.S. Atomic Energy t oinnussion. 1967d). 
All nuclear-powered U.S. naval ships use pressurizedwater 
reactors similar to the nuclear electric power stLstinns 
described earUer. That is, they have closed primary and 
secondary cooling loops. The principal radionuclides con- 
sidered as wastes are the neutron-activated corrosion and 
fission products that may leak through the fuel-element 
cladding. One major difference between the pressurized- 
water reactors on ships and on shore is the available physi- 
cal space for tankage or other purposes. The reactor vessels 
in operational readiness must be kept full of water-modeia- 
tor. At reactor start-up, the water expands when the reactor 
Is brought up to operating temperature. In land-based 
plants, this expansion water is stored in tanks, whereas on 
submarines, it is dumped overboard. When the reactor is 
rfiut down and cooled, fresh water is added to keep the 
coolant system completely filled. On naval ships, reactors 
may be started up a few times per month on each ship, dis- 
charging on each heat-op an average of about SCO gallons 
(1 ,900 liters) of coolant (litis and Miles. 1959). 

Otlier wastes that evolve from nuclear-ship operations 
include demineralizer resins used to decontaminate the cool- 
ant tc i 1 r shield water, solid wastes from routine decon- 
laniination and maintenance operations, and laundry wastes. 

*Jmm Fi^UngSkipt (1967-1968) lepotu that the United Kiiwdom 
lias5 mwleer^owe i eJ wtwariHes. France iMS 3 under coasanctien. 
and the Soviet Itaion kas SO miGiaar sntaMdnas and a audaar- 
poneied ioelReakcr In service and 3 iwdeat-pewsied lectecakcrs 
under coflsitudien. 
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TABLE 1 2 RidiMCtivity in Liquid Wastes Discharged by Nudnr Power Stattom of the United Kingdom, 1964-1966 



Radioaclivtty PiKiiarged (Ci) 







Gcaataling 


1964 




19^ 

hi 




n 




Bcikclfv 


River Severn Estuuy 


2 X 138 


1,008 


1 


306 


5 


225 


23 


oraawcu 


iMACHwaici uUiuy 




37 


4 


471 


19 


583 


29 


ChapdcrDM 


Open coast 


4x 4S 




4 




5 




2S 




Openooast 


2x275 






« 


0.1 


S«9 


2 


Hinklay Point 


PknMt Eainaiy 


2X2SO 




0.01 


174 


2 


32 


IS 


Hvnunioa 


Open coisl 


2x260 


21 


0.004 


477 


2 


477 


19 


SiwwkU 


Open coast 


2X290 










29 


1 


Tnwrfynjrdd 


Like Tnwrfynydd 


2X2S0 






2 


0,06 


222 


2 


Oldbufy 




2X300 














Cjidet Hjll 


\V indv 


4X 45 


Uischargn included in totab for Awt vq^MCailim 0|ianitioi» 


WtndiCiile ACR 


WinUscale 


32 


(we TaWe 18. p. 32) 











TABLE IS Hanford Reactor Effluent Isotopes in Order of 

Decreasing Concentration, Four Hours after Inadiation' 



M4of(90») 


kUnortM) 








»Mn» 






t3l|» 


14Sp, 




«Ga 




««'Cc 


>»'Pin 




«Si 






«>Co 


»»Cr* 


J3»0 


"•'La 










"»'Nd 


'*''Nd 




^As" 








"■'Sc 








'"Ag 


















"»Ba» 


s»Fe* 


«& 




32pfr 


«Mo 








90y* 


>»8m 








I3S|* 


*^ 




"'Ac 




«Y 


"«Cd 










»«0 






'After Paritai 
*Roiitfiia MM 




londMieiwIopas. 





The radioniidides commonly present in discharfed reac- 
tor coolant are shown in Tabic 16. along with maximum 
and average concentrations obtained over 3 years of opera- 
tions of the USSf/auHbtt. Similar results have been reported 
from other naval reactors (litis and Miles. l''V'l 

A summary of reported liquid-waste discharges and of 
amounts of activity disdiarged into VS. harbors is given in 
Table 17. Harbor waters and sediments at shipyards, harbors, 
and submarine bases are monitored principally for ^Co. in 
1967, 55 sediment samples from three locations were re> 
ported to contain over 100 pCi of ''"Co per square centi- 
meter, and 340 samples contained between 10 and 100 
pCi/cn'; the total bottom area with concentrations of '''Co 
greater than 10 pCi/cm> was estimaied to be apptoxbnately 
0.6lcm>. 

Waters in the harbors, on the other hand, showed no de- 



TABLE 1 4 Annual DIseharges of Radioactivity from the 

Hanford Reactor Operations to the Pacific Ocean (Cif 



Yeai 


Baia 


»P 






M»Np 


1950 


2.S00 










1951 


3.600 










1952 


7.100 










1953 


Insufficicnl dm 










19S4 


liMufTKient data 










19S5 


13,000 










1956 


17^ 










19S7 


37,000 










195t 


44.000 










1959 


110.000 










1960 


93.000 


6,200 


310.000 


14.000 


26.000 


1961 




11,000 


310.000 


16,000 


24,000 


1962 




4,700 


240.000 


11,000 


11.000 


1963 




4,400 


320.000 


10.000 


18,000* 


1964 




4,400 


320.000 


16.000 




1965 




4.000 


290.000 


18.000 




1966 




9,300 


160,000 


8X00 




1967 




4.400 


224,000 


15J0OO 





"Since IV60 individual isotopes have 1 1 rn aiaiilliaii: pia»lll«<lf. lit 
iiotopei wcr« meauired coUactivcly. 

*nni a atoMlia oiilr : aaannlt was MbiataaiiiDr dlicontlniad. 



tectable ^"Co activity. In I'^'i? in Moly Loch. Scotland, 
^Co was detected in bottom sediment and on mud flats ex- 
posed at low tide, but none above background level was de- 
tected in the water. In I K-vds were reported to have 
declined (Miles and Mangeno, 1967). 

Demineializer resins from shipboard reactors, containbig 

as much as 1 2.5 Ci of activity, of which 1 0 Ci are attribut- 
able to ^^Co, are either transferred to sliore facilities and 
subsequently handled as solid wastes or are dumped at sea 
more than 1 2 miles from shore while the ship is under way 

Solid radioactive wastes are transferred to shore facilities, 
packaged, and shipped to land burial sites. 
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TABLE 1 S Annual Average Cooeentnlion of SevenI 
Ridioiiudidn inCohmibn River V^ttr, 1966* 



Richland 

RadioaiicadM (pCI/Hln) Bomwvilte Dam* 





270 


ID 


»»Ne 


2^00 


ID 


3«f 


140 


23 


«Q 


3,600 


1.300 


•*Cu 


1.400 


ID 




200 


43 




420 


10 


WSr 
Ul, 


1 


ID 


18 


3 




770 


ID 



"Afler Huniiead. I9h7 
''in. iniufritient Jjlj 

''RaretafCh + yttrium: '^''La, '"""F.u. '"Sm. '"Oy, "y. 
My. I41c,. 143c,. '*«C.. '«Pr. 143p,. WT^j. I47p„ 144p„ 

">Pm. '«&!. '**Eu. »"Gd. '"Gd. '«>Tb. '*'Tb. >66ho. '«'Er. 



TABLE 16 ComcentntloMof RadkHMiclMesia RMctor 
Cootant Watar. USSAtailflti (fiCI/ini) 




Corroiion Froducti 

'*F 2.7X10-' 1.5 Xir' 

**N« 6.2 X 10-* 2.2x10^ 

*'Ct 3.4X10^* 3.7X10-* 

'*Mn »XlOr^ llKlO-» 

»F« 17Xir' 5.1 K 10-* 

15 X 10-* 3.2 X tor* 

••Cn 4.7x10-' 1.0 xir' 

•*N1 1.5x10^ 5.7x10^ 

***T« 2.9XIO-' 4.5x10-^ 

'"W 9.0X10"* 1.SX10-* 

Fission Products 

$.0X10-* 

"Sr $.Oxio-« 

»»l IJlxlO-' 

i^^Ba 1.0X10-* 

***Cl 1.0x10-* 

>**C« 1.0 X 10-' 



ChHIian Propulsion Reactors 

As of 1970, there were only two operational nuclear-powered 
cMUanihlps-the United States' US Savannah, i cargo- 
passenger vessel, and West Germany's Otto Hahn. a 1 5.000- 
ton bulk carrier, which was undeigoing sea trials. Japan has 



launched an 8^00-toa nudear-powand fnigltter, the NS 
Mutat, due for sernoe in 1971 . Italy has a noclear«powered 

freighter under construction, and Japan and Germany have 
announced plans for two more frei^tets. The Savmnah has 
provided experienoe to many marittane natfcma In how to 
deal Willi n IK learAips in hubors, coastal watcES, and on 

the high seas. 

The Snwrnrt's reactor is a preis u rized-water type with a 

power r.,[;ng of SO.OOO kW,^, and ^..OOO shaft horsepiiwer. 
The reactor vessel and its two primary coolant loops are 
contained within a vessel designed to withstand an internal 
pressure of 1 88 psi. The reactor has a dual shield: The pri- 
mary shield is an annular water-filled tank around the reac- 
tor vessel with waUs of lead 1 to 4 inches thick. The second- 

ary shield, which surrounds the uinitiiiiriient ves<.el, in.ide 
of concrete and steel in its lower half and lead and poly- 
ethylene in its upper half. 

The reactor was first started up in December 1961 , and 
in its fust year of operation, the Savannah traveled some 
30,000 nriies, visiting ports on both VS. coasts before re* 
turning to her maintenance bLsse at Galveston, Texas. Since 
1961 , the Savannah has visited many of the major ports of 
the world and was in commercial service between U.S. and 
European ports Tluoutth August 1968, she cruised 335,000 
miles on her first luel loading. 

Altfiough theSeMMMaA was designed to contahi all liquid 
radioadivr wastes, with 1,350 ft-' (38 m-')of storjec tank 
capacity, more wastes are generated than can be held. In its 
first year of operation. 23,700 ft^ (670 m^) of liquid wastes 
were evolved, primarily from leakage at 'lie buffer-seal 
charge pumps, pressurized relict vaivc, and sampling-system 
relief valve. The first wastes contained 1.02 Ci of radioac- 
tivity and ranged in concentration between 3 X I Q-" and 
S.4 X 1 0-* mCi/ml. Of the first year's wastes, 8^00 ft' 
(235 m-*) were disposed of on land and (he remainder 
dumped at tea. The wastes disposed of at sea were within 
the limits suggested by the National Research Council in its 
1958 report (National Acadeniy of Sdenoea-National Re> 
search Council, 19S9). 

It has been reported <Nuc1ear Safsty information Cen* 

ter, l«^fi) ifiiit in its first 6 months of commett ial service 
(four round-trip voyages to European ports between August 
I96S and March 1966), the SamnOi discharged into the 
sea some 8.100 ft^ (229 m') of liquid wastes cunlainii i: 
6X 10-^ Ci of radioactivity, primarily ^^Mn and ^°Co. Sohd 
wastes and dembieraliaer resins were disposed of on land. 

Off-pases from the containincn; vcs-scl were passed thrOI)|h 
a series of filters prior to release to the atmosphere. 

Aerospace Nuclear ReactOfS 

Two c!as.ses of reactors are being developed for use in the 
aerospace program one to provide electrical or other form 
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TABLE 1 7 Siuninafy of Liquid Radioactive Whites Ditdiaiged into Haibon by U^. Navy NudMr-Poweivd Shi|M* 



Shipyard or 
Naval Harbor* 



UqwU ltigo«cli»g Www Piidiwgw^ 



1966 



1961-1965 (Ci) 



1,000 gal 



Poiismouth. N.H. 
Ouincy, Mass 

Gioton-Ncw London. Conn. 

(Electric Baal Uiv.. suiepiflt 

and lubnttrine bue) 
CnMi«a.NJ. 
Newport News. Va. 
NorfoUc. Va. 
Charleston. S C 
PaKagoula. Miss. 
Sdii Dicgo. Calif. 
Vallcjo, Calif 
UrciTiciion, Wash 
Fcul Harbor, Hawaii 
A]MiHwt«.l 



0.48 

ai5 



7.18 
0.01 
241 
1,17 
1,19 
0 

0,99 
2.» 
0,03 
3,20 
0.01 



153 
0 



1.274 
0 

USl 
14)51 
369 
0 
0 
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0 
«54 
0 



0.01 
<0.005 



0.03 

<Ojms 

0,06 
OM 
OM 
<0.005 
<0.OOS 
0.19 
<0.l)(}5 
0.03 



'AfttrMUcsand Mangeno(l9fr6, 1967, 196a). 

*OllMr tl.S. herbors have had lets ihan 20,000 gil aadliw Una 6,1 Ct dtichartid Into dMim 
'RadtoectMty meatttremenu h«v« been calibraied t« itendHd: whMiee are prior to 



US 
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U33 
1,7«4 

320 
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0,01 

<o.oos 



0.01 

0.04 
0.03 
0.01 

<0.00S 

<0.005 
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of power in the kilowatt range for spacecraft missions, and 

tlie other, in the megawatt range, capable of propelling space 
velticlcs iniu orbu. Both could introduce nuclear fission and 
activation products into the sea, either divectly by launch 
accident or indirectly by f;illoui of burn-up materials from 
the atmosphere resulting iiom scheduled or unscheduled 
re-entry of space vehicles. 

SNAP reactors (Systems for .Vuclear A uxihary Z'owcr) 
are relatively small electrical generating plants designed to 
produce full power for more than a year without refueling. 
The aeiotpace SNAP reactors have fuel dements of ura* 
nium mixed with a neutron moderator-zirooniom hydride 
(U-ZrHx). The fuel elements have thin-wall steel cladding 
and are arrayed witliin a stainless-steel reactor vessel. The 
neutron flux and chain reaction are controlled by beryllium 
reflectors located outside the reactor vessel. Heat is con- 
ducted from the fuel elements to the electrical generating 
system by a liquid metal, NaK, an alloy of sodium and 
potassium. 

SNAP I OA* wai> launciied in April 1965 and operated at 
fidl power for 43 days, at which time it was shut down by a 

spurious command from the satellite on which it was riding. 
This umt, designed to produce 500 electrical watts, used 
thermoelectric converters from a heat source of 60 IcWq, . 
Il is now in a TOO-milc-hitdi nearly ciicular poi.ir orbit. The 
reactor is designed to break up, ablate, and disperse on re- 
entry into the earth's atmosphere. If SNAP I OA had oper- 

*In SNAP icrminology. even numbcii denote nuclear reactor unils, 
and odd miniiliett, iiotopic-1iea|.seiwiatiag uaits. 



ated for a year, it would have accumulated approximately 
40.000 Ci of fission products. During its ■i^ da\ of opera- 
tion. It accumulated about one tenth as mucli ladioactivity. 
Ai ilic time of re-entry, in about 600 years, essentially only 
the longest-lived fission products '*"Sr and '•*''Cs would 
remain, and these would constitute only a millionth of the 
original amount. 

SNAP s. a 600-icW^, reactor lyitem deiiined to produce 
30 kW^ using liquid metal for coolant and a tnrboelectric 
generator, is being developed to supply power for manned 
oribital laboratories, lunar expeditions, communications 
satellites, or deep space missions. Methods for disposal of 
the reactor at the end of its operation are being evaluated. 
Tliese methods include random re-entry and burn-up at high 
altitudes: intact re-entry into the deep ocean; intact earth 
impact and recovery; and boost Hito outer Space (Nelson 
and Detterman, 1967). 

Entry into the ocean is also possible in the event of a 
launch abort If the reactor retains its c>)iiiponents and con- 
figuration up to the time of impact with water, a nuclear 
excursion of 70 MW-mc (equivalent of 2S04cW operation 
for 280 sec) would result .Milunigli about half a million 
curies of total fissiun-product radioactivity would be created, 
it would consist largely of short-lived isotopes; in 2 hr, the 
radioactivity would have decayed to several thousand curles, 
in 4 days to about 40 Ci, and in 40 days to about 3 Ci 
(Kochendorfer, 1964). 

Ill l')64, an experiment was performed to provide data 
and information for evaluation of liie consequences of water 
immersion of an aiKooled aerocpace reactor (Kesder et «/„ 



Copyrighted material 



Sources of RadhactMfy and Their Chamcteristks 



31 



1964). A SNA? lOA reactor was injected into a large tank 
of water. A ituciear excursion of about 45 MW-sec occurred, 
which resulted in the rupture of all fuel elements in the re- 
actor core and dispersal of the fuel (within the tank). The 
fiiel lattice retained about 99 percent of the available fusion 
products. Halogens that escaped from the fuel were retained 
in the water. Primarily noble gases and their daughters es- 
caped, and theseamouotedtoiboutSpefocntoftlieiioble 
gu pveaent in the cofe. 

Nuclear rocket engines wili be used to propel upper stages 
or Urge, advanced space vehicles after conventional chemi- 
cal rockeu luve carried the nuclear stag^ well above the 
atmosphere. In all mitdon appQeations euneotly foreseen, 
the nuclear stage will be left in deep space after use and wiU 
never return to Earth. Hence, no radioactive materials are 
scheduled to enter the oceans from flight operations; ocean 
entt> lieLiunes .i possibility only ufter .i failure or accident. 

There are two possibiUties for failure. One would result 
from the booster failing during early ascent.* Since the re- 
actor would not yet he .started, it would not be l iiJina.-livc 
when it falls back into coastal waters. However, rapid intro- 
duction of water into the core could override the control 
^tem and cause a nuclear excursion. The magnitude would 
depend on the water entry rate, which, in turn, would de- 
peiid on the velocity and orientation of die vehicle on im< 
pact. In the worst case, up to 10^ to 10* MWscc of energy- 
could be generated in a fraction of a second before the reac- 
tor deitn^d itself. One would expect about two thlrdi of 

the fis.sion products i."erier:ited during the excursion tobc 
contamed in a low atmospheric cloud of gases and fine par- 
ticulates and the rest to remabi aubmaiged in larger fuel frag- 
ments. The normal fission product inventory for thermal 
fission in ^'*U (e.g.. 3-30 Ci of ^''Sr) would be expected, 
plus a much lower number of activation products. 

The other possibility for introducing radioactive material 
mto the oceans would result from lailures after the nuclear 
reactor is brou^t to power-about 4,000 MW. In some mis- 
sions, the reactor would be started before Earth orbit is 
reached, ui others, the reactor would be I'lrsl started up m 
orbit. Depending on the start-up point, the reactor would 
operate from 10 to 20 minutes before reaching mission in- 
jection velocities roughly Earth escape velocity. Complete 
failure at any time during operation would leave the highly 
radioactive reactor coasting in space. The period of time 
from failure to atmospheric re-entry and impact is extremely 
sensitive to the velocity attained at the instant of failure, 

*Not every ooen impact could lenli in an exciinian. I}iirta| launch 
and catty portion* of the a>cenl, auxiliary controls (neutron ab- 
m/btn or poisons) may bt used lo override the effects of water 

entry jnJ prccluji- jn cxcurMon Beyond «iine point, liowevci, fail' 
urcs could iciull in ocean impacC of mkIi foice j> lo dislodge the 
auxiliary poisons. Still later, atmospheric le-enliy would cause re- 
actor diMMcmbly prioi to tmpacl, to ihat in excuiMon is iinpouibk. 



arid can range from less than an hour to hundreds of years. 
If the delay time is long enough for normal radioactive 
decay to reduce the inventory sufficiently, the failed ma- 
chine will be allowed to remain in orbit. If the time before 
impact is too short, however, deliberate action will be taken, 
if necessary, to cause impact and disposal in deep ocean 
waters. In such cases, impact would occur wrlthin an hour. 
Again, atmospheric re-entry would break up the reactor so 
that the radioactive fuel elements and other debris would 
impact over an area of several square mUes. No excursion 
would result, and the fission and activation products would 
remain within heavy pieces that would sink rapidly. 



WASTES FROM THE PROCESSING OF 
REACTOR FUEL ELEMENTS 

The vast amounts of fission products created bi reactor f\iel 

elements remain in the uranium matrix within the ;ilui:iinum, 
stainless-steel, or zirconium-alloy cladding or jackets. Spent 
fuel elementt are periodically removed from reactora and 
are shipped intact to chemical reprocessing plants, after a 
period of storage in water-shielded tanks to permit the short- 
lived radloiaotopes to decay away. At the reprocesa in g 
plants the cladding '.s removed, and the fission products are 
chemically separated from tiie uniissioned uranium in pro- 
ceases of two or more stages or qrdes. First-stage waste 
normally contains more than 99 percent of the fission 
product radioactivity, this material, referred to as high- 
radioactlvity or higMevd waste, is kept in underground 
storage tanks. To o'.ir knowledge, no nation deliberately 
disposes of such higli-level wastes to the environment. 

Second and third stages of reprocessing unfissioned ura- 
nium result in larger volumes of wastes with significantly 
less radioactivity content. In the United States, these liquids 
may be still further decontaminated by evaporation or other 
process and discharged to underground formations. In the 
United Kingdom, such low-level wastes are discharged to 
coastal waters. Table 18 summarizes 1 1 years of radioactive- 
waste disposal by the Windscale plant. The Dounreay Ex- 
perimental Reactor Establishment, in northern Scotland, 
also disposes of some chemical-processing plant WMtCS to 
the sea near Caithness, Scotland; in 1967, it wis reported 
by the Fisteries Ra^biologieal Laboratory of the Ministry 
of Agriculture. Fishenes and Food that the Dounreay plant 
discharged 290 Ci of ^Sr, 12,000 Ci of beta activi^, and 
14 Ci of alpha activity. Other plantt around the co»ls of 
the British Isles, where fuel elements ate fabricated or radio- 
isotopes ate processed, dispose of smaller total amounts of 
activity than the fuel repriKessing plants. 

In France, the chemical reprocessing plant at Marcoule 
disposes of about 1,800 Ci in liquid wastes per year to the 
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TABLE 18 Mean Acttvlty Otwhaige RatM(Ci/mo) to the Irish Sea, Wfaidtcale Chemtcal Reprocesiii« Fbnt. United Kingdom' 
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'AflCf Howell* (1966). 



Rhone River; in 1965, the amount was 2.584 Ci (Rodierefa/., 
1966). In additkm, theie is a new chemical leprocening 
pliflt for irradiated fiiel elements at La Hague on the Coten> 

tin Peninsula with plans for disposal of treated wastes di- 
rectly to the English Channel (Avargues and Jamnwt. 1966). 



RADIOISOTOPIC POWER GENERATORS 

SNAP isotopic devices are now employed over, on, and in 

the oceans. Tables 19 and 20 list the characteristics and ap- 
plications of existing LI.S. units. SNAP* units utilize the 
heat of radioisotopic decajr. It has been proposed that in 
some aerospace units the heat be used liircctly fc^r thruslers. 
In terrestrial applioitions, the heat is converted to electricity 
by theimoelectrie converters. 

The source of energv" for ihc SN AP devices are the long- 
lived fission products or trans-uiaiucs recovered from the 
taflk-stored flrst-stage wastes from the proeessfaig of the ir- 
radiated fuel elements These .ire first concentrated and then 
converted metallurgically to a dense mass most suitable for 
SNAP units. The isotopic power devices used in the United 
States are all of similar construction; only their size and 
output varies with (he different fuels and thermoelectric 
converters. Figure 7 schematically illustrates the configura* 
tion of an isotopic power unit and the basic materials of 
construction. The materials of construction are chosen to 
provide a margin of saftty in the eweot of a damagtog 
accident. 

Most of the SNAP devices in oceanic applications to date 

*SNAPIs i;.S. Mgnation; in Euiope dwy in caiM RimE 
(Itadtarwtefic tmm Ackaftt for flectiicity). 



are fueled with ^Sr in the chemical form of titanate.ScTiOj, 
The titanate form is an inert ceramic that dissolve! quite 
dowiy on exposure to fresh or salt water. Future fiieb may 

include the oxide forms of Sr. or Ce. or Co in metallic form, 
giving the most dense and efficient powei-to-weigbt ratio. 
The amount of radioactivity in present SNAP units ranges 
from 30.000 Ci to 2:5.000 Ci of '^Sr and is directly i)r.>- 
pOTtionai to electrical output. Future luiits may contain up 
to 10* Ci. SNAP units for aerospace units use the most ad' 
vantageous power to weight ratio? and are fueled with 
metallic or oxide forms of somewhat shorter-lived isotopes. 
La., thoae having higher specific activity. 

The isotopic fuel forms are jackeiod o: i-i.c^psulatcd in 
sealed (welded) corrosion-resistant metals and alloys such as 
Haynes, HasteUoy, or tltanhmi. These canisters of fiiel are 
completely surrounded by a heat-absorbing nwtal such as 
depleted uranium or tungsten. An insulating material around 
fhe fuel canister and heat'Sink abeorbcf keepa die isotopi- 
cally generated heat at maximum temperature. The thermt^ 
electric couples, wiiich operate on the principle of maxi- 
mum temperature drop, aie linked at one end to the heat 
sink and at the other to t!ie outside of tlie insulator. The 
insulation package is surrounded by a raiiiaiion-shielding 
material such as depleted uranium or lead, and this is en- 
cased in a container of heavy steel. For oceanic applications, 
the outer steel shell is designed to be a pressure vessel, as is 
the fiiel capsule itself. 



Cofroiion Tots of SNAP Components 

Hastelloy-C. the fud-cneapnhting metal ofcxlitbig oceanic 
SNAP devices, has an average corrotlon rat* hi seawater of 
0X)24 1 0.008 mils per year (O.OQOSI ± Oj00O2 mm per 
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Power 
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Fuel Form 
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SrTiOj 
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TABLE 20 CharactentUcs and Applicatioas of Aerospace SNAP SlyitfliM 
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FIGURE? SctMimtlcflfSNAP 



year) (Kubose and Cordova. 1966). It has be«n calculated 
that it would take some 300 years to corrode through the 

Haslelloy-C ai thai rate. 

Laboratory and oceanic experiments were conducted to 
determine the dissolution rate of the SNAP fbels hi sea- 

water. Laboratory measurements of strontium titanatc in- 
dicate a high initial release rate, 800 figjcta^ on the first day, 
followed by a slower rate of release (Zigman et el., 1964). 

Tlie release rate for extended periods was expressed as 
R = 105 (/ * 6) ' Mg/cm'/day (for t - 1). where t (time) is 
expressed in days. 

Sii;ii[ii,i i; r:tai'.ate was also exposed to an oceanic envi- 
ronment at a depth of 30 m for 1 ,065 days (Goya et al„ 
1966). BioIoBical growth was evident on the fuel spechaens. 
Measured dissolution rates varied from 4 to 14 ^g,'cm';'day. 

Plutonium metal reportedly reacts rapidly and com- 
pletely with seawater, producing solid reaction products 
plus hydrogen (Lai and Cuvn, 1^66). The solid reaction 
products have a solubility ol about 1 .5 to 2 fig/day/50-70 
mg of solids. In another aeries of laboratoiy «xpednieatt, 
pltttonium dioxide was immer5«d in seawater under various 
teoipetatures and pressures (Kubose et al.. 1967a). The 
loi^tetm solubility rate was found to be lower at high tem- 
peratures, and this was attributed to the formation of a 
coating of calcium sulfate on the fuel-form specimens. The 
data were is follows: 



SNAP isotopic units are also used in aerospace applica- 
tions. Several are now in orbit, providing electrical energy 
for « satellite navigition qrstem. 



FALLOUT OF ^*Pn FIWM THE SNAP-9A RE-ENTRY 

In April of 1964, a SNAP-9A ouckar power genentor 

aboard an -.ieiospme vt'hicle re-entered :m mosphere fol- 
lowing a lualtunvtioii duiiiig launch. I lie generator con- 
tained about 17 kCi of ^^'Pu and was estinuted to have 
entered the atmosphere of the southern hemisphere at an 
altitude of approximately 150.000 ft (45.0(XI m) (By C(Ml- 
tiast, approximately 400 kCi of ^^''Pu luvc been dispersed 
from all nuclear explosions in the atmosphere.) 

The Plutonium of the device was assumed to have com- 
pletely ablated durmg the :ntci! >c heat of reentry and to 
have been distributed in the atmoi^phere as particles of un- 
known size. 

In the first 2 years since the re-entry and burn-up of the 
SNAP-9A, several programs were carried out to find, iden- 
tify, and ehaiacterize the debris. The fdlowfaig condusioni 
brief^ sununaiiie the lesulti of these itudiei; 

1 . More than 80 percent, or about I S kCi, of the original 

17 kCi in the device v. j-. 'ill m the stratosphere iu early 
1966. Of tliis, some 80 percent was in the southern hemi- 
sphere and 20 percent fn the northern hemisphere. 

2. Particle size nf tin: st! ^itmphetic --"*Pu from the 
SNAP-9A generator probably ranged from 5 to 58 nv in 
dianMter, with the arithmetic mean at 9.7 nyi- 

3. By the end of 1966. approximately I 5 kCi of the 
SNAP-9A Plutonium had been deposited on the earth's sur- 
face. The southern hemisphere bad received approximately 
85 percent of this, while only IS percent had been depodted 
in the northern hemisphere. 

4. The distribution of the ''^Pu ui the stratosphere over 
the ■iniiihcrn hemisphere in mid ! ^66 approximated rather 
well tlie diitribulion of '"'"Sr in early 1965 over the northern 
hemisphere. The altitude and latitudinal distribution of the 
highest core of activity in the southern hemisphere for the 
SNAP-9A materials generally mirror-imaged the older *''Sr 
pictwe in the northern heroiqihere. 



Tempeiatute Pieuure tHssolution lUte 

(*Q (pHtf 0«/nig/4ay> 



20 IS 4X10^ 

110 30 1.3X10^ 

190 180 0.4X10'* 



Later experiments bidlcated diat die dissolved platonium 

was absorbed from solution by ocean sediments; in one ex- 
periment, the amount in soluticm was reduced by a factor of 
600 (Kuboieefd/., 1967b). 



Based on these observations, it is assumed that since the 
beginning of 1967. the fallout pattern of the -'^Pu particles 
from the SNAP-9A bummp was and will continue to be 
similar to the pattern of stratospheric *'*Sr faUout observed 

over the past few years. 

Table 21 is based on the above obserrationa umI assump- 
tions, using a 10-month stratospheric half-reddenoe-time. An 

additional assumption, based upon very qualitative observa- 
tion of the ^^Sr stratospheric inventories, is that the strato- 
spheiic air of the two hemiiiiiheies mixes dowly and achieves 



Copyrighted material 



Sourets of RadkiaetMty and Their Oianctertstlcs 



35 



TABLE 21 Projected Depoiitian of ""Purrom the 
^AP-9A Re-entry (in kCi) 



Latitude 


1967 


19M 


19«9 


1970 


1971 


Total 




0 


g 


A 
V 


A 

V 


A 
W 




■nf-vf 


0.02 


0.01 


0 


0 


0 


ao3 


etf-itr 


0.08 


0.04 


0.02 


O.OI 


0.01 


0.16 


50 -oO 


U.2s 


0 1 7 


0.09 


0.05 


0.03 




4(r-50 


0.37 


0.22 


0,1 1 


O.U7 


0 l_W 


n fft 


5(r-4(r 


0.33 


0.1 9 


0.10 


O.Od 


U O*! 


l_l , r J 


2(f-'iff 


0.22 


013 


0.07 


0.04 


0 03 


11,44 


10° -20° 


023 


0.14 


0.07 


0.04 


0.03 


U,5 I 




0.17 


0.10 


0.OS 


t\ A'l 


0-02 


0.37 


TonI, 




























limritliteie 


1.7 


1.0 




a3 


0.2 


3.7 




A Alt 




U.iu 






117 
1 ■ 1 Z 


10* -10* 


0.93 


0.37 


0.14 


0.07 


0.03 


144 


20° -30* 


0,89 


0,35 


0 13 


0.07 


0.03 


1.47 


30° -10* 


1.32 


0.52 


0.19 


0,10 


0.04 


2.17 


40° -50° 


1.46 


0.58 


0.22 


0.11 


0.04 


2.41 


50° -60° 


1.14 


0.4$ 


0.17 


0X»9 


ao3 


1.SB 


60° -70° 


OJO 


0.13 


044 


0.02 


aoi 


0.S0 


7or-«or 


0i»7 


0.03 


OJll 


0 


0 


0.U 




OJUl 


0 


0 


0 


0 


0.01 


Total. 














HMUbern 














hemisphere 


6.8 


2.7 


1.0 


o.s 


0,2 


11.2 


Total, woild 




3.7 


\i 


0.8 


0.4 


14.9 



approximately equal concentrations of ^'*Pu in .ibout 4 
years, which, in tact, was observed. In Table 21, the pre- 
dicted annual fallout of ^^''Pu from the SNAP<9A bum-lip 
is given for each 10° band of latitude. 

It i,s interesting to compare the probable sensitivity re- 
quired for observing the ^'•Pu deposited on land and in the 
sea. By the end of 1971 , when virtuaUy all of the SNAP-9A 
debris will have been deposited on the earth, the average 
concentration in the surface ocean water (assuming that the 
23spu is homogeneously mixed to a depth of 100 m) wlU be 
approximately O.OODS pCi per liter. Even within the latitude 
band of maximum deposition , 40°-50'' S, and assuming no 
hoiiiontal mixing, we would not find comcentiations much 
higher than 0.001 pCi per liter. In contrast, the >Mpu de- 
posited on land in the 40°-50°S band will be about 1 mCi 
per lun', or about 1,000 pCi per m'. Even in the northern 
hemisphere, the depositt in mid-Iatittides will be in excess of 
100 pCi per m*. These projected concentrations on land and 
in the sea seem to indicate clearly that the ^^"Pu will be a 
very uaefid end pndkil tool for continental faUoot itudks. 
For mafine studies, however, tlM concentrations will prob- 



ably be beyond the range of practical mcMnrement, using 

current equipment and lcchnolog\'. Therefore, if we arc tn 
make use of this radioactive source as an oceanic tracer, new 
systems for sampling of the sea-for determining chemical 
or physical concentrations of plutonium in seawater or for 
low-level alpha counting (or some combinauon)-must be 
developed. 



PACKAGED RADIOACTIVE WASTE DISPOSAL 

Any establishment working with radioactive materials prob- 
ably evolves radioactive wastes, since anything the radioac- 
tive material comes into contact with is likely to become 
contaminated i,c,. some of the radioactive material is 
rubbed off or left behind. Such radioactive waste nuterials 
include labtrnttory ware and furniture; chemical hoods or 
their air filters; tubing and piping, pr- ti\;;ivc plastics; experi- 
mental liardware; rag^i, wipes, and mops used for cleaning 
up; sludges from evaporators; and deiiilneraU»r resins. 
l'i;siiiiitn lenneries, fuel fabrication plants, reactors, fuel 
reprocessing plants, radioisotope production plants, and 
laboratories workuig with uncontained raifiohotopic nia- 
terials all evnlv-? udioactive wastes. In the United States, 
hundreds of establistimcnts, both government and private, 
are licenaed to use radioactive materials. The volume and 
levi.'l of activity of the wastes they may evolve vary in direct 
proportion to the amount of radioactivity being mampu- 
lated. Activity levels of wattes produced per year per estab- 
lishment range from picocuries to kilocuries. 

Since wastes occupy space, and since their accumulation 
may evratitally build a ndiatioR hazard, it is desiiabk to 

remove them to where they will be out of the way and 
create no further hazard. Remote, uninhabited places, such 
as abandoned mfaie shafts, government-owned and moni- 
tored sites speciallv engineered burial vaults, or selected 
sites in the deep sea r>l,000 fathoms.) have been suggested. 
Such places are limited in numbet. however, and as imn ex- 
tends his exploration and exploitation of the deep sea, pos- 
sible sites for waste disposal there will diminish still further 
in number and remoteness. It will eventually be necessary 
to Umit the number of sites used for this purpose and to 
monitor them in order to safeguard users of the sea floor. 

Currently, in the United States, most of the solid wastes 
sie buried on the sites of the federally owned alomic«aergy 
plants or on mto-owiied Imds. TIm latter are openied com- 
mercially and mooitoMd by licensees, sutgect to govemjnent 
inspection. 

In the early years of the atomfc-eneigy indtntry in the 
United States, several establishments neai the coasts used 
the sea for disposal of radioactive wastes. A few commercial 
oompinies were lioeiwed by flw AEC to fiacilce sea disposal 
However, since 1960, when the AEC adopted a pollqr lead- 
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ing to esubUdiment ofliceiued nglonal land burial litet for 

private industry's radioactive wast<*v Jisposa! has waned. 
For sea disposal, containers of wastes were weighted, to 
lauK linking, and fabricated to accommodate deep^a 
pressures Land burial, on the other hand, requires only 
struciurjl integrity lot (ransporling; consequently , it is less 
expensive than sea disposal. 

The United Kingdom has established two land burial sites 
in northern England for solid wastes containing small 
amounts of tadioactive contamination. Such wastes ooattl< 
tute the largest fraction of all solid radioactive wastes 
(Moreiy, l%7). Many other nations do not have available as 
much lemote land with required geohydrological character- 
Btics as the United States. They look upon deep-sea dis- 
posal, therefore, as a safe and efficient means of getting rid 
of solid wastes. Their alternative is to use engineered burial 
vaults, wliich are more expensive to build and maintain than 
Madiipoial. 



PsKkaging for Sea Disposai 

In the United Stales, the conuiner moet used for packaginK 

raJi^ta^iive wastes for sea disposal was the SS-gal(20(^liler) 
oil drum. Paper or rag wastes were compressed into nraU 
balei. pboed in the drum and oom|detely surrounded by 
higli-density material, usually concrete Solids such as plas- 
tics and metals weie mixed in ttie drum with concrete, tiie 
ratios of concNte to wastes dependtaig lUiectly on the levels 
of radioactivity. Sludges and dcmincralizcr resins wereusu* 
ally contained within a carboy or smaller drum, then SUr- 
founded by eoociete in the SS-gsl drum. Several estabtisb- 

mcnts packaged wastes in prefabricated steel-mesh- 
reinforced concrete boxes that varied in size from 20X20X 
44 in. (50X50X 110 em) lo 5 X7X8 ft (I J X2.1 X2.4 m). 

W:i\!-.'s und concrete were mive.;! tuiieih'.'r in tho box to 
acliieve the desired specific guvity, 1 .2. All packages, drums, 
md boxes were capped with 4 in. (10 cm) or more of dean 
concrete, :!ii<l iluise with irnern:i! iiir spin es were fitted with 
vents to allow water to enter and equalize pressures on de- 
scent 111 the ocean (Joseph, 1957). Other nations package 
wastes for tea disposal timilatly, especially using SS-gal 
drums. 

In 1961 . the AEC oomlucted two series of tests on the 
structural integrity of the various kinds of packages used for 
sea disposal. These tests provided information that was used 
to determine optimum combinations of steel and concrete 
needed to package various configurations of wastes. They 
also indicated that air spaces within ihe package of wastes 
must be pressure-equaii/ed with vents in order to prevent 
eonlaiaer ooUapie (Pohlman and Pickett, 1962). Urge omi- 
cieie boicB with uowated internal air voids were found to 
be partkulafty vulnerable to rupture by pressure (Pneumo 



Dynamics, 1961b). In another test, smaller, unventsd eon- 

Crete boxes survived immersion to 6,000 ft (Brown et al., 
1962). Bums and Duiister (1967) report tliat the U.K. pack- 
aging practice also is to use reinforced concrete and preiaure 
«qiiali2atkMi devices. 



Disposal at Sea 

Tables 22 through 24 summarize the known packaged radio- 
active waste sea disposal operations conducted through 
1967. Locations arc approximate because of drifting of the 
ship during disposal and by the contaiiwrs during descent 
through the mile-plus deptiu. Some of the U.S. disposals 
were conducted by transoceanic steamship companies tliat 
are licensed to dispose of wastes. Numbers of oontaineis in- 
dude all sizes, large concrete boixes as well as SS-gd drums. 
However, probably more than 95 percent of all coiitaiiieis 
were of tlie 55-gal size. 

The radioactivity contabied hi the waste packages can 
only be estimated on the basis of labels describing the con- 
tents of waste receptacles coming into the packagmg facility. 
Contaminated heterogeneous solids are the most difficult to 
assay; homogeneous sludges or slurries are the e.iiit st Hxter- 
nal radiation readings are marked on each container. The 
wastes generally include a wide spectrum of radionudides, 
ranging fnim - H to the transplutonic . A'.plu curies as a rule 
indicate thorium, uranium, or plutonium wastes, Ihe iso- 
topes having long half-lives. 

In 1967, the European Nuclear Energy Agency coordi- 
nated a waste disposal demonstration "experiment" to 
establish common sea dispoml operation prindples and 
safety practices, five nations participated, as indicated in 
Table 25 (European Nuclear iuiergy Agency, 1968). 

In I9S7 and I960, the United Sutes monitored the waste 
disposal Mtf. MT its Pacific Coast. Samples of water, biota, 
and sediments were collected and analyzed; none of the 
diqNMed fsdioiiuclidea was detected in any of the samples 
(Faughnef of,, 19S7; Pneumo Dynamics, 1961a). 



MISCELLANEOUS SOURCES OF 
RADIOACTIVITY 

There are several other possible sources of radionucUdes 
that reach the oceans. These indude low-level liquid wastes 
from medical and industrial users of isotopes and other re- 
search establisiunents (International Atomic Energy Agency, 
I96S). Such wastes, within established permissible conoen- 
tiatioos of activity, are normally disposed of into munid|Ml 
sewer systems. The widdptead use of ladioiisoiopes and the 
number of isotope users is becoming quite significant: in 
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TABLE 22 Summary of U.S. Sea Disposal Opeiatioos, 195 1-1967 (Atlantic Ocean) 





Approximtte Locatim 


No- Cwililmitt 
AOTypat 


EaOmiM Activily at 
Tim* of Paduginf (Ci) 


19SM9St 


4r25'N 70°3$'W 
36 56 N 74 23 w 
Midoccan 

3r50'N ICCiS'W 1 
38 30 N 72^06 W J 


4.008 
432 
97 

23.000 


2M0 
6.5 
<0.1 

8,000 


19S9-19M 


38 30 N 7/ 06 W 
between 36°44'N 45°00'W 
and 36°50'N74°23'W 


5.800 
228 
204 
22 


o8,50ir 
456 
244 
<0;1 


1961-1962 


36*S6'N 74*23'W 


137 


15^ 


1963-1964 


36°56'N 74*23'W 


58 


5.3 


196S 


36°56'N 74 23'W 


6 


4.3 


1967 


36°56 N 74° 23'W 


6 


305 


ToUb 




33,998 


79,482.9 




TCMl or Saawair «aactor-«Mtaiati4 33.090 a of taAiMd aellifltr. 




TABLE 23 Siimi»tty^U.S.SeaDiqioialOperatiooiJ946-l966(Fftcn 






AfipniiiiMta LocatioD 


No. Containen. 
AHTVpu 


Eitimaled Activity at 
Time of Packagim ^ 


1946-19St 


3r39*N 123*26'W -V^iv V 
bttwam 40*orN 135*24'W 
and $4° IO N i41°09'W 


38 


14JI61 
OJ 


19S9-1960 


tetnwB 40rorN 13S*M'W 
•ad 34'10'N Ml'orw 

3r39'N 12r26'W*- 
32*00'N I2I*30'W 
21»28'N 1S7*2S'W 
3«*3«'N 174»52'W 


53 

14J11 
3<467 
39 
7 


M 

155.7 
3.6 
0.1 
14 


1961-1962 


between 4(forN I35°24'W 
and 54°10N 141''09'W 
3r00'N 121°30'W 
3r39'N 123'26'W'- 

33i>39'N nrss'w 


41 

948 
8,913 
164 


04 

30 

235.1 
47.9 


1963-1964 


between 4ff'07 N 135°24'W 
and S4''10'N 141°09'W 
37*39'N 12r26'W 


17$ 
8 


7.2 
16.1 


I96S 


tatmu 40*9rNl3rM'W 
and S4*10'N \41*0fV 

3r39'N 123°2rw 


14 
4 


<0.1 
04 


1966 


tatwaan 44rorN 135*24'W 
and S4*10'N Ml'OTW 

3ri2'N larss'w 


40 

3 


88.7 (*H) 
15,4 (>H} 


Toult 




52J30 


14,677.3 
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T ABLt 24 Summary of Sea Disposal of Packaged 
Radioactive Waste by the United Kingdom, 1950-1967 



Estimated Acliviiy (CP 



Yeac 


No. Contaioen 


Alfnha 


B«la 


I9S1 


100 


0.5 


5 


19S3 


131 


2S 


3 


19SS 


2^19 


12 


33 


1957 


7.369 


955 


106 


1958 






1 AM 


1961 


6.890 


563 


1.630 


1 9fc : 


648 


17 


163 


I96J 


8,379 


3«S 


7,071 


1964 


10.634 


444 


15,090 


1965 


5.140 


114 


13.754 


1966 


3.3«3 


7S 


2.742 


1967" 


l.26< 


91 


1,682 




50.570* 


3.331 


44.096 


1950-1963' 


61.570 


390 


1.176 



'indiidMi to EmopMa Nuclear Bmrgy Aflener 9wk«g»d radloaciive 

'Through 1 96 1 , the wisIm wnn dilpMad of fai an are* near M* N 
20* W: afur 1961, exceyl for 19*7. Iltcy wen di*p<M«d in a recOn- 
gutar am circumacHtxd by the coordinales: 40* 1 o' N 1 3° S 3 ' W, 
•T"S«'N IJ'ayw.4»»4l'N I3*0S'W.and«8'*«9 N 12 39 W. 

^Relilivrly Inw activiiy wistes, including iOiM fnun C.E.N.-BaigiiUB 
and rriim ll«lchim. Ilelglum, disposed in tbt "Huvd OMp". M MM 
near S0° N oi° W, by the United Kintdooi. 



TABLE 25 Summary of European Nuct«« Eoeigy Agsncy 
Packyed Radioactive Waste Disposal 



C'uunlry of 


Numtwr ol 


1 ^'.iriutcd Activity (Ci) 


Ufigin 


Conuiners 


Alpha 


Beta-Gamma 


United Ximdom* 


1,368 


91 


1,662 


Gcfimnjr 


460 


0,5 


5 


N'cthcrlandf 


SOI 


0.07 


2 


Belgium 


1.945 




190 


fiance 


896 (ooncnte) 


1 


10 




30.700 


160 


5.747 


Totab 


35.790* 


3S3 


7^636 



"Also included in Table 24. 
*DtapoMri an* mar 43* N 14* W, 



1968, there were 8,32 1 licensees in the United States alone, 
many of them concentrated in urban population centers. 

The fate of such wastes is indicated by two recent stud- 
ies: one. of wastes discharged directly to a river system, and 
llic other, of wastes re.iLhing a sewage treatment plant. The 
Clinch River environment below the Oak Ridge National 
Laboratory was siuwyed for cadkmucUdes aftar neady 20 
years of low-level waste disehaiBi that amouated to 



1,1 10 Ci of ■'"Sr. 6(>0 C i of '-"Cs. 6,600 Ci of '<*Rn, 

1 ,240 Ci of rare earths. 270 Ci of ^'^Co, and lesser amounts 

i44ce 9SZf 95>rt, and i3i|, totaUng almost 14.000Ci. 
It was ihowii tlmt about 200 Ci. principally cesium, were 
bound up with the sediments and that the remiiindcr of the 
actisity passed through this stretch of river in the aqueous 
phase (Parker et al.. 1966). 

Folsom and Mohanrao (I960) studied the amount of 
gamma-emitting isotopes enteiing and leaving the sewage 
treatment plant of a large metropolitan city over a 2-year 
period. They found that in addition to a steady background 
level of falloiit Isotopes and natoial radioactivity there were 
pulses or peaks of isotopes such as '"Cs. *^"Co. *'Zn. and 
>^'l entering the plaat. They also found fractionation, 
caused by the sewage treatment process, i.e.. about SS per- 
cent of the '^''Cs was concentrated with the sludge, which 
undergoes aerobic bacterial digestion, and the remainder 
stayed with the liquid phase. In this particular plant, which 
was on the seacoast. the treated Iit|uids and sludges were 
piped out to sea, where they were spread out over the sea 
floor and dispersed slowly. 

Radioisotopes are also purposefully introduced to the 
marine environment in the course of scientific research pro- 
jects, as tracers of physical, diendcal, or biological prtwetses. 
Several experiments have been carried out in the marine en- 
vironment employing large quantities of shurt-haif-Ufe radio- 
active tracers to study the distitbution of products from 
underwater chemical explosions (Cwney et al.. 1 963). In 
1961 , for instance, four charges were detonated off the 
coast of CaHforaia. at San Clemeate Idand. These shallow 
explosions of 10.000 pounds of HBX-1 were each ';d-dcd 
with 500 Ci of radionuclide. Three detonations employed 
^^Ltt {i^Mnf lulf-tift) in fine particulat* oxid* foim: the 
fourth employed the noble gas '*'Xe (5.3-day half life). 

According to unpubhshed data of Schuert, samples col- 
lected on tiw day of the cxptoakM and the day foUowing It 
showed significant accumulation of the irLiccr by plankton 
(principally copepods). Activity ranging Irom 10* to 10'' 
d/m/g of wet we^t were measured in samples taken from 
water having no detectable radioactivity. Lower levels of 
radioactivity were measured in a number of Specks of fish, 
including jack injLkerel, boCCaGCiO,bonitO riiark.SWCll 
shark, and shcephead. 

A number of experiments have been conducted along 
coastlines to study the littoral drift of sand by injecting the 
surf zone with batches of sand lagged with radioactivity. In 
tfiese tests, the sand is either tagged directly with '"Xe 
(similar to the kryplonating process) or coated w ith other 
nuclides and sealed with sodium silicate (Aaee et al., 1 968), 
Sttdi experiments have pfoven of great value in ondenttnd^ 
ing the dynamics ofshotelineoowtal waters ifldliarbor 
erosion or buildup. 

Some years ago, consideration was ghren to the use of 
radioiiotopes to study local dlffuskMi and mixing |»ocesses, 
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and several tests of this technique were conducted (Nticlear 

Science and Engineering Co , I95S) Since then, the tech- 
nology of nuorometers tu» advanced considerably, and it is 
now possible to messure dye concentrations of the same low 
order .IS faJirnsotnpcs 0.5 parts per billion. D>'es largely 
have superseded isotopes in the measurement of water mix- 
ing p r oces i es. Selected nMUoisotopet tudi ■• *'Zn and 
continue to be useful for studies of ecological systems 
(Poroeroy and Odum, 1966; Hooper and Ball, 1966). 



SUMMARY 

Radioactivity in the oceans can result from numerous 
sources. Natural atmospheric and geologic processes issue 
discrete radionuclides in certain forms and distributions; 
these are bnelly described. Man s uses ol nuclear energy re- 
sult in anodier, wider spectrum of radionuclides of varying 
characteristics. The biological distribution in the ocean of 
man-made radionuclides depends greatly on the initial phys- 
icochemical form of the tadiMctivity, and this, m (urn, de- 
pends on the particular use or application of nuclear energy. 
Nuclear energy applications are described, indicating the 
paiticular radionuclides involved in each application and the 
form of the radioactivi^ likely to be introduced into the 
oeean. The applications biclude nuclear aixploalons at varioot 
poatthMl telative tu the earth's surface; nudear reactors for 
electric power, fuel production, ship propulsion, and space 
vehicle pfopulsioa;inKlev Aid processmg; waste disposal; 
auxlliaiy power g^rators; and radloiaDtopk tnoen. 
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Chapter Three 

OCEANIC DISTRIBUTIONS 

OF RADIONUCLIDES FROM 
NUCLEAR EXPLOSIONS 

H. L. Volchok, V. T. Bowen, T. R. Fobom, W. S. Bmecker, E. A. Sehuert, G. S. Blen 



Bomb-produced radionuclides ire of interest to ocean sci- 
entists fix two primary reasuns: (a) as potential contami- 
nants of the ocean Imiiphere tlut could have a profound 
influence on the Aiture development of some life forms and 

that miglit even pre^nt a hazard to man, and (b ) as radioac- 
tive tracers for studies of water masses, sediment movement, 
and various biological parameters. In either case, the practi- 
cal usefulness of ralhuii isolopcs is Umilcd by the precision 
of our Icnowledge ot their temporal and spatial distribution 
in the oceans. 

Tho nuicnituJc orihe dilTicuhy of determining the dis- 
tribution ul burnb-produced ladionucltdes in the sea is in no 
way reflected by the amount of money or effort expended 
or the number <>r,ina!\sos poiformcJ lo djtc. This is per- 
haps best illuiiiraied by compaii!>on with iIk !>cupc of the 
studies of continental fallout, in 1966, for example, in the 
I'nited Slates alone, approximately 2,000 land dej !• 
samples were collected for ^"Sr analysis. Tlte United King- 
dom prooesaed more than 800 precipitation samptes for 
'"Sr OT '-"Cs in tliat ycjr. and other European counlr:cs 
and Au&lralu probably analyzed a similar number; thus, up- 
wards of 3,500 samples of deposition on the land areu of 
the world wore coIicrU'd and analyzed in 1*)66. From the 
oceans, on the other hand, wc find that since 1954. account- 
ing for all samples from all countries a total of less than 

.^,CXX) ;inal\^ON of '"Sr or ' '^f\ have hcen made The rate 
lias certamly mcreased in the last few years; in 1 9bb, about 
650 samples of ocean water were collected for fallout study, 
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almost 20 percent of the number on land. Thus, we might 
retaonably conclude that, considering the area of the ocean 
surface (nearly three times that of the land) and the added 
dimension of depth, the data awaUaUe fof revealing the dia- 
tnbution of fallout radioiaotopet in the oceans are indeed 
scant. 

For this report, we have diosen to ctmcentrate primarily 
on the distribution of ^Sr in the sea and to make only brief 
mention of '^C, ^H, and other radionuclides. Based on a 
survey, reported in the section on the ratio of "^Cs to ^Sr 
in seawater (p 71 ) "''Cs is assumed to have remained well 
mixed with the '^'^Sr after entering tlie oceans, in the moie 
or less constant ratio generally observed in atmospheric sam- 
pics, l or icmvcnicncc, wc have approximated this ratio to 
be 1.5 and converted all '-'^Cs data to accordingly. 
Thus, in this report, unless specifically referred to othecwite, 
all seuwater '^Cs values are expressed as the equivalent 

The motives for directing the major portion of this study 

to the Jistiibution of the ""Sr isotope arc almost entirely 
dictated by very practical considerations: availability of sea- 
water analyses and the preponderanee of land data for com- 
parison Since the very earliest days of nuclear fallout stud- 
ies, ^°Sr has been regarded as the fission product of greatest 
potential haaard to Ihdng things because of the unique com- 
hiraiion cf iis relatively long ^H year half life, the very eiiei* 
gctic beta particle ot its '^"Y daugliter, and its general re- 
semblance to calcium in metabolic processes. For these 
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rcasuns. great emphasis was put on ^Sr analy^U in biologi- 
cal as well as environmental utxtfAm, including seawater, in 
attempting to assay its current levels in the biosphere and to 
develop methods of predicting future levels. A rather large 
body of ^°Sr data has been accumulated over the last IS 
years, resulting in good documenutlon of the distribution 
of that nuclide on the earth's land surfaces Other geophysi- 
cal parameters of nuclear fallout, such as its relationship to 
pfedpitation and season have also developed ftom these 
data. Consequently, for any type of synoptic analysis of de- 
posited nuclear debris m the ocean and for comparison with 
land falloul, only **Sr offers enough information to be of 
use. 

Strontiuni*90 also has the advantage of probably being 
useful as a water traeer through the apparent constancy of 

stable strontium in the sea at the relatively high concenlra- 
tiun ul about b mg per liter ot water. If the fallout '^^Sr 
enters the sea in a sohible form, it must be a valid tracer of 

surface wiiter 

Under the impetus ot producing this chapter, many of 
the foremost investigators in the field were requested to 
contribute their data, often unrtuhlished, f;ir '"'Sr and '^'Cs 
in seawater. FrjLticdl coniidcraiions dictated that this chap- 
ter be limited to data summaries, and. therefore, in order to 
provide a viable reference to the original '^'Sr results and 
supporting data, (hey have virtually ail been reported in a 
single volume of the Health and Safety (HASL) Quarterly 
Summary Report No. 1 97, dated July 1 . 1 968 ( Bowen et al., 
1968b; Fokora wo/., 1968; Broeckerand Simpson, 1968; 
Shirasawa and Schuert, 1968). 

Early in the pcepaiation of this report, it became appar- 
ent tint eertahi areas of disagreement between some of the 
authors were not resolvable. The .h ,| i-es concern interpre- 
tation of oceanic '''^Sr concentration data and, in some 
cases, the validity of analytical results; consensus on many 
of the interesting aspects and implications was impossible, 
iicnce, in order to avoid cmbarrassmenl or withdrawal of 
any author, or a compromising ofhis views, we have re- 
^iiLiiiiL'ii iieutra! on a number of subject-.. While lliis may ap- 
pear less than satisfactory as a purely scientific endeavor, we 
consideT the overall benefit derived from maintaining this 
group of authors to be of greater vahw. 



'"Sr IN SURFACE OCEAN WATER 

Strontium-90 has been measured in surface water samples 
since 1954 fat the Atlantic Ocean and starting fai 1957 In the 
Pacific Ocean. In total, almost 2.600 analyses of samples 
front the oceans and major seas have been performed and 
reported; the results are summarized in the following pages. 
The concentrations of "Sr vary in the surface ocean as 



a function of latitude, longitude, and time in fairly complex 
ways, and thorough interpretation of the data is simply not 
possible within the scope of this volume. The two primary 
objectives, therefore, have been to summarize all of the 
available measurements in tables of practical and useful 
form and to provide as complete referendng as possible to 
the oriEinj' published data and methodology. Secondarily, 
a few ol the outstanding and noncontroversial features have 
been described briefly. Detailed interpretive reports on *^Sr 

in the Atlantic surface waters (Bowen ct a!., 1968b) and 
'^'Cs in the Pacific (Folsom era/., 1968) have been in- 
duded with the dau oompflatloos hi the Health and Salety 

Laboratory Quarterly Report mentioned earlier. The vari- 
ation of the ratio '^''Ci/"*Sr in surface ocean water is dis- 
cussed in a later section of this chapter. 

Tables 1-4 list the vearlv averages of al! known measure- 
ments of ^^Sr in surface ocean water, grouped by i 0^ bands 
of hitltude, for the Atlantic, Paeifie, and Indian oceans. In 
order to point up the striking concentration differences that 
have been obscncd, the Paciiic Ocean was divided into east- 
ern and we;.iern regions (east and west of 180°) in Tables 2 
and 3. Table S summarizes the mean annual surface water 
^°Sr concentrations in the major seas. 



Intercomparison of Laboratory Reaiilts 

Until very recently, no organized intercomparison program 
existed for laboratories engaged in radiosirontium analyses 
of seawater. Hence, for most of the period covered by 
Tabks 1 through S, and for most of the laboratories repre- 
lenied, we can compare the quality of the analyses only by 
compariiig samples iiam similar areas and times. Recog- 
nizbig the variability imdoubtcdly present over the course 
of a year, and within the oceanic area of a 10° latitude band, 
one is nevertheless virtually forced to group data in this 
manner, m order to observe a reasonable number of com- 
parisons. In Tables 6, 7, and S, examples were selected for 
the purpose of intercomparing both individual laboratories 
and countries of origin. 

Tables 6, 7, and 8 are not easily interpreted without ac- 
cess to the original data that were averaged. The best exam- 
ple of a misleading case is the North Sea comparison, in 
Table 8. In the 22 values making up the German average of 
146, several were about equivalent to the Fiimish value of 
392. This is, of course, partially reflected in the mean de- 
viation error term. On balance, rln: jiji lj n leut between labo- 
ratories seems to be quite acceptable in must cases, allliuugli 
a few, such as the North Atlantic Polish data and eastern 
Pacific equatorial data of I ^6 1 . may be e.vceptiuiis 

Since 1966. the Health and Salety Laboratory (HASL) 
has sponsored a '"Sr analysis laboratory inierconq»rison 
program. The program consists of providing any interested 
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TABLE 2 Mean Annual Concentrations" in Western Pacific Surface Water by 10" Bands of Latitude 



Lalilude 


1957 




1958 




1959 




I960 




1961 




Band 


Ref.* 


Cone' 


Ref.* 




Ref.* 


Cone' 


■ur." 


Cone.'' 


Ref.* 


Cone.* 


f%.C\ TO" XI 
D* ' - / U IN 


1 

1 


JDt14U \ If 






1 


WJ 










50 -60'N 















_ 


_ 


_ 


_ 


40 -SO' N 










1 


266 (1) 






3 


3656 (I) 


30 ->0 N 










1.2 


3661163(3) 


- 


- 


3.S 


37i7 (13) 


20 -JO'N 






J 


688 (1) 


2 


222 rn 






3i 5 




lcr-20°N 


- 


- 


1.2 


l21iS7(2) 


2 


102 (1) 






3i4,5 


35il8(l4) 


(T-IOTN 






1 








3 




« 


M*23 tS!% 


flr-icrs 


- 


- 






- 


- 


3 


I9±7($) 


5 


44*18(2) 


















17t6 (3) 


4.9 


16*1 (2) 




- 


- 


- 


- 


- 












3(f-4rf s 


- 


— 


— 


- 


— 


— 


— 


— 


— 


- 


4*1 -51' S 


- 


- 


- 


- 


— 


— 


— 


— 


3 


753 (4) 


50 -60 S 


— 


— 


— 


— 


— 


— 


— 


— 


3 


3 (1) 


fiOT-TOfS 


— 


— 


— 


— 


— 


— 


— 


— 


— 


— 


Total Nou 






















ofAiulysn 

- — ^ 




7 





4 




B 




9 




52 




1962 




1963 




1964 




1965 


- 


1966 




Band 


Rcf.* 


Cone.* 


Ref.* 


Cone.'^ 


Ref.* 




Ref.* 


Cone.'" 


Ref.* 


Cone' 


OIT —/IT W 




















Dley (I'l 
















_ 







3 


6S*8 (40) 




6.7 


III (1> 


— 


— 












S9il2(42) 




3. 6. 7. 8 


TSftlS (7) 






7 


107 (1) 


9 


48*3 (3) 




69 17 (32) 


20°-30"N 


3, 6, 7 


«4*IS(I0) 






7 


83(1) 








44 J 6 (8) 


10 -20' N 


3.6. 7 


47iB (10) 






7 


108(1) 








28 - 1 1 (14) 


0"-IO°N 


3,6.7 


27t4 (14) 






7 


45(1) 








21-3 (1 0> 


0°-10^S 


3 


12*1 (11) 
















16ti (15) 


10f-20''S 


3 


12t2 (6) 
















16-2 (7) 


2(f-30°S 


3 


11 11 (2) 
















22*8 (11) 


3(f-40°S 




















431140) 






















34*17(4) 


s<r-6<rs 




















9*0 (1) 


60*-7<fS 






















Tolal N.>, 






















of Analyses 




61 








4 




3 




200 
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TABLE 3 Mean Annual '>^Si Concentrations" in Eastern Padflc Surface Water by l(f Bands of Latitude 





1959 




1960 




1961 




1962 




1963 




LalitadB 


Bef.* 


Conc^ 


Rcf." 


Cone.'' 


Ref.* 


Cone.* 


R«r.* 


Cone.' 


Ref.* 


Cone.' 


7(r-80°N 


- 


- 


4 


33 (1) 


- 


- 






- 


- 


6(f -70° N 


1 


2U1 (2) 






4 


41*1 (2) 


4 


54 14 (2) 






5(r-6(fN 








_ 


3 


32 tl (?) 










4ff-50'N 










3 


34i6 (14) 










3(f-4(r'N 


} 


20t6 (7) 


1. 2 


I8±6 (24) 


3.5 


36 < 12 (24) 


3.9 


54t6 (13) 


— 


- 










*OZv IA*I 


3 $ <> 




3.9 








i«r-arN 


- 


- 


3 


21*4 (7) 


3.6 


34*12(13) 


10.12. 13 


48*7 (7) 


- 


- 








3 


12*3 (4) 


3,6.7 


32*10(13) 


10, 12. 13 


49tW(l«) 






cr-iifs 


- 


- 


3 


««1 (2) 


3.6 


19*10(11) 


11*12,13 


(8*15(3) 


14 


10*0(2) 


l(f-20*S 










3,5.6 


24 18 (8) 


12,13 


73 (1) 


14 


7*3(2) 


2(f-30°S 


- 


- 


- 


- 


3.7 


I US (2) 










3(f-40°S 


— 


— 


— 


— 


3 


!l£l (2) 


— 


— 


— 


— 


4{r-5(f S 


— 


— 






3. 7 


8tl (3) 


— 


*" 


— 


— 






— 


— 






12 (I) 










6(f-7(rs 




— 






3 


7 (1) 




"~ 






Total No. 
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1964 




1965 
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1967 








LalUudt 


Raft* 








Rat* 


Caasr 


Raf.* 


Cone.' 






70'-8ON 


— 


— 


- 


- 


— 


— 


— 


— 






ov "iw n 






















3(f-6<fN 


!S 


99±i a) 


IS 


95*11 (12) 


3. IS 


99*19 (t) 





_ 






4Cr-S(fN 


3. 15 


97tI7 (5) 


15 


99tll (11) 


3. 15 


!13>21 (17) 




117i7 (8) 








3, 15 


78x30 (19) 


3. IS 


103tl7 (25) 


3. 16 


128t20(l24) 


3, 15 


126tl4 (6) 






2Cf-30°N 


3 


60*11(11) 






3, IS 


104*40(110) 




107i 27 (24) 






l(r-20°N 












47±9 (21) 




45il3 (38) 






(r-io°N 












29i4 (9) 




24 s 3 (29) 






0°-10°S 












22<8 (12) 




1S*2 (33) 






icf-acs 












I9i3 (14) 




16*2 (30) 






2(r-3(fS 












29*7 (10) 










3cr-«<fs 












21*4 (30) 










4<r-5crs 












24*7 (4) 






















































Total No. 






















of Sample! 




37 




38 
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TABLE 4 Mean Aiuiual ^Ss Concentratioa^ in Indiui Ocean Suifaoe Water by lOT Bands of Latitude 



Latitude Bmd 


1959 




I9W 




1961 




1962 






Cone' 


iter.* 


Omic* 


Ref.* 


Cone5 


Ref.* 




20 -30' N 


- 


- 


2 


I3tl (2» 




- 


- 


- 


lU -JO N 






1. z 


25 1 1 1 (11) 




34 i 6 (2) 






(r-io"N 


- 


- 


1.2 


2«s8 (8) 


2 


14 a> 


- 


- 




1 


24*6(2) 


1.2.3 


23«4 (11) 


2 


34(9 (7) 


4 


13*4 (3) 


ior-20's 


1 


33i6 (4) 


1.2.3 


laiS (19) 


2 


24tl3(4) 


4 


22 (1) 




1 


2S 0) 


2,3 


iai6 (6) 






4 


29«3 (3) 


3tf'-40°S 


1 


15 (1) 


2.3 


II ±4 (6) 


3 


18*6 (2) 


4 


24 (1) 


4(f-50°S 






3 


4 (1) 










Total No. of 


















Andym 




S 




64 




16 




S 



"'Ck mMeuiMMNtt weie converMd lo by Ike helor 0.47. 
*(l) Btnnw tt e£ (1944); (2) Popov rf A ( IM4b); (3) Fobom (lM»,pcnmel COiiimmic«lion):(4) tapov end Orkw (I9M). 
^dpn/i 00 Men ± mean devletioB: iwmbcf* In percnibeies eic nuoiben of emlyief. 



aiudylical group with a series of "standard" seawater sam- 
ples for **Sr assay. The samples are aliquots of a large vol* 

uiiie of icawjici ohtjincd from a Jccfi well at the Coney 
l&land Aquarium, lo sonic ol whicit known amounts of ^Sr 
were added. The basic Coney Island water contains about 

4(» ,!piii ''"Si pei ]00 liteis. The s.iiDple sue is about 55 li- 
ters, by mid- 1970, sonie 16 different laboratories from four 
countries had participated, and most had completed the 
analyses. Iti i;cncfal. the participating laboratories repre- 
sented by data in Tables I through 5, includmg the contrac- 
tor organiiations lhat carried oat a portion of the Bowen et 
al. (l'"iH: Bdwcn. riTsonal Ciimrnunit'aliot)) analyses, arc 
proving to be in good calibration, almost all within 10 per- 
cent of the expected values. IMs program wQI bt continued 
and hopefully expanded to include additional investigatois. 

Seasonal Variations 

The spring peak of ^Sr fallout deposition on land has been 

extensively JiKunu'rilod and is generally atirihiHeJ •:■ sea- 
sonal meteorological phenomena that give rise to substantial 
interchanges of air between the stf atospheie and tropo- 
sphere. On the sea, neither direct measurements of ''^'Sr in 
precipitation nor surface water samples seem to systeraati* 
cally reflect this annual fallout maximum at most sites. 

In the North .■\tlantic, four weather ohservation ships, 
operated by the U.S. Coast Guard and the Environmental 
Sciences and Services Administration (ESSA). have been 
uti1i/ed as full ii . ^llection platforms for the past several 
years (USALC Health and Safety Laboratory, \9b6). Simi- 
larly, in the North Pacific, the Naval Research Defense Lab- 
oratory (NRDL) has maintained a number of fallout obser- 



vation posts on radar picket and weather ships. The data 
from these collections (Voldiok, 1967; Volchok and 
Klcininan. 1968, Hammond c! al.. \^b(\\ Jo not uniformly 
indicate higher ''^Sr deposition during spring months, and, 
in several instances, suggest enhanced fallout during the 
winter. 

At the North Atlantic weatlici stations, systematic 
monthly collections of surface seawater have been carried 

i)Ut for over 5 years (Bowen, peisonal eoiiiniunii-ation; 
Bowen f / al., 1 968). The ^"Sr concentrations from these 
collections, reported in Bowen et id. (1968), suggest the 
tendency for the niaxumim annual concentration to occur 
in the second half of each year, with a median peaking 
month of September. The authors conclude, based on de- 
tailed study of ftequeney and inten<;lty of precipitation, as 
well as on oceanographic experience, that significant 
amounu of fallout are deposited in the ocean liy means 
othc ilriri r'C'.'ipi'.i'ion. 

Schuert (1968, peisonal conununicalion) reports the re- 
sults of measurements of '''Sr concentration in surface 
waters from the eastern North Pacific made periodically 
since late 1964 and states that no signiricani seasonal varia- 
tion was observed. Bainbridge (1963b). reporting on surface 
water concentrations of tritium in the northern Pacific, 
presented a curve of average monthly spcciHc activity for 
the years I960 and 1961 . Heie the maximum tritium con* 
cenii;;'":)!) •H Tiitred in the period December-January. 

1 he evidence brought forth by the investigations brielly 
summarized above strongly indicates that the commonly ob- 
served sprint peak in deposition of stratospheric ''"Sr on the 
land masses may be largely absent or substantially displaced 
in time on the sea. The lutliofs caimot agree on nether or 
not this observation implieB a difference in the basic fallout 
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TABLL 0 Atlantic Uccw '^"Sr Comparisons 



Ynr 


Ladnidclaad 


Gmuttiy 




■Mbnace 


1959 


3ir-44fN 


United Stales 
Soviet Union 


16t3 (5) 
I7t7 (2) 


Bo wen etal., 196Sb 
Popov eref.. 1962 




4Cr-5(fN 


PMand" 
StyvletUnkM 


l37tS3<3) 
27t22 (3) 


Den Maf^ 1962 
Fopovefaf.. 1962 


1961 




United Slates 
Soviet UniM 


lit! (S) 
12 <1) 


Boweneral., 1968b 
Shvedoireraf., 1963b 


1961 




United Stales 
United Stales 
Soviet Unioa 
Soviet Unioii 
Mud* 


lSt2 (2) 
18 (1) 
19!4 (3) 
9 U) 
6S (2) 


Buwen etal.. 1968b 
Rocco and Broedcer, 1963 
Patin ei al^ 1966 
Shvedoveraf.. 1963b 
Den eraf., 1962 


1965 


6tf-7(fN 


Uniled States 

West Germany 
Denroaik 


29±5 (7> 

38tll (9) 
41 (2) 


Bowenrral., t9C8b 

Kautsky 1 ''^'R. pnvjie conuiMnloation 
Aarkrog ei al., 1966b 


""Cj nwitiueincnd were converted to ''^Sr by »h« factor 0.67. 
''dpin/lOO Men ± mean deviation; number* in pirenthcici w* numben of aMlyW*. 

^ThMc «MM umplad neu ihore, perMiw •ccMniins for th« high vaine. 




TABLE? Fkcifk Ocean '<>Si^Compuifons 






Year 


Latitude Bai 


nd Country 


•"SrCooc.* 


Reference 


Western Psdfic 
1961 


2or-3€rN 


United Stales 
Soviet Unkm 


47t9 (4) 
7Sa40<S> 


Pol»Hnet4f..l96S 
Fiopovefaf^ 1964b 


1961 




Japan 

Sovtci Union 


16 (I) 
IS (1) 


Higano elal., 1 963a and b 
Popov e/d/.. 1964b 


Eastern Pwiric 
1961 




United Slates 
United Slates 
Soviet Union 


17±1 (2) 
6 (1) 
4Stl2(IO) 


Folson 1968 
Rmco and Broedcer, 1963 
repavet^., 1964 


1962 


vf-yrti 


United States 


43 16 (5) 
53 (1) 


¥<A»metel.. 196S 
SaniiiaihiM nr^ 1962 


1967 


3<f-4(fN 


United Stjies 
United States 


124!l4 (S) 
134 (1) 


l olsom f / a/., 1 968 
Shiraiawa and Schuert, 196S 


*dpm/IOOUiaist! 


mU w«(* con«cri«tf to by tb* factor 0.A7. 
niMn deviation; immbeft in parentbeiet ai« nwoabera 


of analyses. 
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Ym Compuison Coimtfy ^^StConc.^ Refaence 



ivdd 


IndiHiOcnji 


uniicQ ditiics 
Soviet Union 
Soviet UiWNi 


29*8 (3) 
19±3 (4) 


VaImm At j*I 1 (UCfl 
FimiJIII €1 iTtSO 

BuinovM «r., 1964 
Popov aref^ 1964 




1963 


TyifhsBiuSn 


Soviet Union 
itdy 
Itdy 
ludjr 


101 (I) 

76 1 16 (2) 
108<48(3) 
92 (1) 


Ankudinov^f a/., 1967 
Cigna<-f a/., 1963 
.\!pcin I't al., 1965 
S^hreil>et. 1966b 




1963 


Mediterriinciui 


Itdy 

Soviet Union 


68122 (2) 
W>17(9> 


Atgiero el at., 1965 
ilidEii«inoverer^l967 




1963 


NonkSei 


Fmhild 
Denmafk 
wc9c t^viMny 


392 (1) 
I22t6 (3) 
146*70(22) 


Paakolu .ind Voipiu, r-if.Mi 
Airkrog and Lippert, 1 964a 
Umwdlndloelalvitet ond Stniitanbi 


dutnng. 1964 



' ' '^<^ mceMftounte w«e convetted lo fey llw Itetor 9.tn. 

*4pm/l00 Hicm * oMm deviation; mimltcn ia pamilMaw tie mioiben of tnalyiei. 



mechanism for deposition on land and sea. A hypothesis 
dealing with theK data and explaining the relationships has 
been advanced by Bowen et al. (1968) and in summary sug- 
gests more frequent and lesif^ognphically confined pene- 
trations of ttie ovefHMean Iropopaiue tluui believed to be 
the case ovei land. 



'"Sr IN OCEAN WATER FROM 
SURFACE TO 700 METERS 

Atlantic Ocean 

Measurements of '"Sir in water samples from depths of 

700 m or less In the Atl u i f),i n have been collected; 
they are summaiized in Tables 9 and 10. In the section of 
this chapter on the inventory of *^Sr in the ocean ip, 62), 
these data were used to compute the total '^St dejwsit in 
the oceans. Other features of these profiles also deserve 
empliasis-their average shape; their trend with time, when 
ihf ;-re expressed as fractions of the surface water con- 
centration; and the correlation of shape with latitude. 

The average shape of the oiives of **Sr versus depth to 
700 m is relatively smooth, with the maximum at the sur- 
face and rarely falling below 10 percent of the surface value 
at 7(M) m. Figure 1 shows the mean profiles for samples 
from noitli of .''O'N, and between .''O^'N .irid 2()*S Ti c ip 
parent secondary maximum at 250 m is very probably an 
artifact of the averaging; very few samples are available from 
this depth Compared to the shape, discussed below 75), 
of depth profiles for «Zr-Nb. '*<Ce, or '<'Pm (each be- 
lieved to move vertically largely as particubte material), the 



scarcity of subsurface concentration maxima is striking In 
those cases that are well established (Rocco and Broccker, 
1963; Bowen and Sugihara, 1960, 196S). the hydrographic 
situation has commonly indicated subsurface lateral advec- 
tion along iiopycnal surfaces outcropping to the surface 
further north or south. These curves appear to be clearly bi- 
consisicnt with the idea that significant amounts of fallout 
^°Sr sinti by association with particles. In tiiis context, es- 
pecially oonvincing is the lick of any evidenee for ^Sr 




20 40 60 to too 
% OP SUIIPACe CONCCNTIUTIOM 

FIGURE 1 Mun profliM of relative^ 
in Mr«M* and kmarmMUate Atlantic Ocean 
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TABLE 9 Mean *^ Conccntntiont in Atlantic Ocean Surface to 700-m Ftofiks-Nortbeni Hemiipheie 



19S7 



I9S« 



19S9 



Depth (m) Ref* Omc' ReT* Coac*^ HeT.' 



19M 



lur.* Clone.' 



IMi 



Rer.' 



Cone/ 



60 -70'N 
Smftce 

30 
100 
300 
700 



IU2 (1) 



67% (1) 
45% (1) 



Surface 
100 

300 
500 
700 



4(r-S0°N 
Surface 

30 

50 

60 
100 
200 
250 
300 
500 
600 
700 



9.10.11 82>61(6) 
10 184% (1) 

10 104% (1) 



10 



132% (1) 



Smfan 3.15 lU3(a) 

SO - - 

100 16 70% (1) 

300 

: 16 35T (1) 

500 15 35^r (1) 
600 

700 16 21% (1) 



15 16t5(8) 

3.17 55% (2) 

16, 17 57':^ (6) 

16. 17 50'J (3> 

16.17 2R'J (3) 

17 22% (1) 



3.9.11 16«3(7) 



8. IS 
8. 18 

8. 18 

8 



57-^ <^) 

91 ,r (2) 
53'J (2) 
20% (1) 



3.11.19.20 22*7(19) 

B 114% (1) 

i 36'?^ (2) 

8 27'^ (2) 



« 
8 



41-:^ (1) 
20ft (1) 



Sutftoe 
50 

100 

200 
300 
400 
500 
700 



3.11,19,20^21 16*5(17) 
II 94% (1) 

21 70% (3) 



S, 21 

8.21 



30^? (2) 

lOft (3) 
5% (1) 



lOf-20'M 
Surface 
SO 

100 
250 
300 
400 
500 
700 



3,15 8i3(S) 



16 
25 

16 



68^ (1) 
55% (1) 

27% (1) 



26 
35 



25 
25 



18t4(4) 
100ft (3) 



50ft (1) 
20ft <1) 



11.19.21,25 
11 

11.25 

25 

25 
25 



13t3(lS) 

107ft an 

42ft (21 

35ft (1> 

15% (I) 
15% (1) 
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1962 1963 1964 196S 1966 1967 

Rel." Conc.*^ Ref.* Cone? Ref.* Cone? R«f » C(imc/~ Ref* Cone.' Ref." Cone* 



2.3^4,5 TStMCM) - - 3,6,7 35tS (M) 
- - 7 t9% (2> 

S 49% (4) - - 7 low m 



3 22t6(34) _ - 3 40t8 (34) - - 3 2»t2 (M) - 

8 46% (S) - - a 48ft (1) - - 

8 39ft (3) - 8 SO* (» - - 

838ft (4)- - 9 14»(2>-- 

8 31ft (3) - 8 30% (9 - - 8 6Sft (I) 











3 




42*10(13) 






3,12,13 


43tl2(29) 


3 


29*4(9) 




















14 


115% (1) 
























12,14 


lOSft (3) 


8 


120% (2) 




















14 


85ft U) 
























14 


91ft (2) 














8 




28% m 






12.14 


719f (2) 


8 


105ft (9 










8 




13ft m 






14 


6m (2) 
























12,14 


41% (4) 














8 




17% (1) 






14 


29% (1) 











3,21,22 


41*10(19) 


3w23 


46*9 


(14) 






3,12 


39*4 


(12) 














8 


83ft 


m 






3 


lOSft 


(1) 














8 


71ft 


m 






3,12 


116ft 


(1) 














8 


36ft 


(1) 






3,12 


67% 


(1) 










8 


S4% (1) 








































3 


14% 


(1) 
























12 


26% 


(1) 














8 


18% 


(1) 

















3. 21 


28*6 (3) 


23.24 


26t9 


(6) 


3.23 


39*3 


(C> 






3 


3S*2 


(2) 


























8 


117ft 


(1) 






8 


78% (1) 


34 


131ft 


(1) 


8 


113ft 


(1) 






8 


130ft 


(1) 










24 


90ft 


(1) 






















8 


44ft (1> 


24 


41^ 


(1) 


8 


74ft 


(2) 






8 


74ft 


(1) 










24 


339?. 


(I) 






















8 


18% (1) 


24 


15% 


(1) 


8 


54% 


(I) 






8 


l«ft 


(1) 






8 


11% (1) 


24 


4% 


(1) 


8 


36ft 


(2) 





















3,22 


27*6 


08) 










3 


21*2 


(4) 










8 


42ft 


(i) 
























8 


57ft 


(4) 
























8 


25% 


(4) 
























8 


14% 


(4> 










8 


5% 


fl) 










8 


13% 


(4) 
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TABLE 9 (Contioiied) 

1957 19S8 1959 19«0 I9CI 



Depdidn) Raf> Cmk.^ Ref.* Oonc^ Ref.* Came.* Kef.* Come.' Rer.* Cotic* 



Surface 

I CXI 

200 
300 
400 
500 
600 
700 



11.25 
25 

25 

25 

25 



8«3 (S) 
28« (1) 

26% (2) 

IM (1) 

12% 12) 



"^^C* meuutemcau wef c concerted lu ^^Sr by iht Ador 
^9tm TaW* 10 for nfamwat. 



"pile-up" in a layei ju&t above the thermocline. a& &hown so 
cleariy by Cheswtet and oo-worken (1964a, l96Sa> for par- 

tK uhiie radionuchdes like '''Zr-Nh and '**rc. 

hxptes&ed fraction of the surface water concentration, 
profiles versus depth do not show any syttenutic trend with 
time. This seems to show a verN' remarkahlc mobility of the 
upper 700 m of the ocean. One would have expected rather 
to see, at times of lii^ annual average faHout increment 
(Kiiwen cf cl . l^'fiSh). a dcerease in tfie percentage concen- 
trations present at depth, and at times of low annual fallout 
increment, the reverse. Examination of tite original data 

(Deracf a/-. \^f^1: Ankudinov ff a/.. 1967) show; that in 
several cases that appear as anomalously higli percentages in 
Table 6, the same values, expressed as fraction of the simuf- 

timrctnlv ineaatired surface value, fall comfortably into line. 
I he hypothesis that this uniformity represents simply a con- 
stant contamination of each deep sample we take to be 
contraindicatcd by the diversity of sampling gear used; in a 
few reports (Bodman et al., 196 1 ; Rocco and Brocclier, 
1963: Bowen and Sugihara, 1963. 1965), salinity determi* 
nations on the samples analyzed effectively rule out this 
possibihly. Unfortunately, not enough stations are available 
to determine whether there may be a seasonal variation in 
shape of these curves, as would be suggested hy an analysis 
such ai that in ik>wen et a/. (I96^(b, Figure b). Assuming 
that the data are correct, one might see in them evidence of 
unusual speed of "down^idxiog" of falknit in the 
oceans. 

As shown in Figure I , the Atlantic Ocean data are Atted 

by two distinct curves, one representing stations north of 
30°N, the other, those between IQ^S and 30°N. It is evident 
from such discussions as those of Ryther and Menzei ( 1 960) 
and Schfoeder eroT. (I9S9) that in the North Atlantic 3XfH 



is about the southern limit of areas where water 18°C or 
cdder usually crops out at the surface in winter. The data 
from the depths representing distinct differences between 
the two curves, 100 to 400 m, suggest tliat iliis may be 
caused by outcropping of 1 5* to I8*C water. It is. however, 
surprising that the effect is so large: as discussed by 
Koshiyal(ov (1967), for mstance, a boundary closer to 50°N 
has mostly been predicted, depending on the combination 

of high average wind velocity and strong winter cooling of 
the surtacc ocean. Some data, still unpublished (Bowen, 
1968. personal communication) but represented in the 1967 
profiles 4(f -.SO"N (Table 6) indicates the depth of mixing is 
much greater at these latitudes on the eastern side ot tiie 
ocean; there m«y be evidence here for unsuspected orga- 
nized shallow currents. 



Pacific Ocean 

'".Sr concentration protHes to depths of 700 m in the 
Pacific Ocean are displayed in Tables 1 1 and 12. 

The three profiles of relative **Sr concentrations shown 
in Figure 2 are composites of a number of analyses for each 
point in the water mass grouped to illustrate the gross dif- 
ferences. The deepest penetration is seen in the Northwest 

Pacific, Station Vk tm , wuh almost constant concentrations 
from the surface down to about 250 m. At 700 m, the com- 
posite concentration for these profiles is seen to be about 
35 percent of the surface value. Several reason Inr 'hr, evi 
dence of deep penetration have been put forth. Keid (1965) 
and others have pieaeated hydrogmphic evidence indicating 
that relatlvety dwrt paths may exist between surface areas a 
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IMC 


14<>7 




Iter* CMC* 




GCMW.' 










Cow.' 










3.22 


61*30(13} 


3.23 


3St3 


(0 














9 


!•» (4) 


23 


89ft 


(1) 














32 


3M (1) 


23 


Clft 


(3) 














3 


M <3) 
























23 


37ft 


ca 














3 


ur;: (3) 




















22 


40% (1) 




















3 


12ft (3) 



















'SurlliCt «alu«t are dpm/lOO Uien * imm 4«vtolioa or nporwd mo* if only one UMlyiii: 
» In pwvnthMM m* mtmbsn of «ulyiat. 



t i t um an |Mrccntag«j of tntliM* wilwc; 



lew hundred miles further north »f\d water mas-.es passing 
400-600 m below Station Victor. Also, a gyre center Het 
nearby, suggesting local recycling. Hence, '°Sr fallout may 
not only penetrate quickly but also may stay lunger at mod- 
erate depths in this western oceanic region. 

In the Northeast Pacific Ocean, at Station November 
(3(f N, 140^W), the composite profile is somewhat modi- 
fied, iiKHcatlng bti pMMtration, not measurable at 700 m. 
Here, surface and excess of surface values persist down past 
ISO m, after which the concentrations decrease rather 
rapidly. 

In the California Cunent and coastal waters, generally 
(roin about l(f to 3S*N ind 1 IS* to ISS'^W. as Figure 2 
clearly shows, the decnaae with depth is even more rapid. 
In 1967, subsurface oonoentmtioas in individual profiles 



were found at as much as lour imics the surljcc values neat 
2Q^N. These maxima appeared in strata having low salinities, 
suggesting origin at the surface near 40''N. Tliis further indi- 
cates a rate of thousands of miles of travel over I -4 years 
with little destruction of water properties. Similar implica- 
tions arise from inspection of certain salinity gradients in 
these strata and also from the relatively long persistence of 
certain radionuclide-tagged water masses that have been in- 
jected at intermediate depths (Folsom and Vine, 1957). 

It is apparent then that fallout may persist so long at 
moderate depths that input patterns become distorted. Fall- 
out budgets in the Pacific must take account of this, iluw- 
ever, tliis persistence may afford means for following prog- 
ress of intermediate witen more thin hilf wiy round the 
Pacific 



STATIOM NOVEMaCR 
N.E. MCIFIC 



CALIFOMNIA CUHRENT 
COASTAL WATCR 



FIGURE 2 MMnpr«fU«sofr*latW«^Sr 
actlvktas in surfaM ami tn m e w d ta n Kadflc 

OMR I 
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TABLE 10 Metn *<^Si' Concmlntioat in Atlantic Ocean Surface to 70(Vni Froflles-EqiMtotial and Soutliera Hemisphere 





1957 




I9SB 




1959 


1960 




1961 




Depth (m) 


Rcl* 


Cone* 


Ref* 


Cttnc'' 


Ref * 


Conc5 Ref.'' 


Cone.'' 


Ref.* 


Conc.'^ 


l'N-l°S 
Siufaee 
in 

«0 

100 
200 
300 
500 
600 
700 


- 


- 


25 

19. 2S 


C±2(l) 
1S% (4) 


- 


- 
- 


- 


II.20.2S 

1 1 

It 

II. 2S 


lOel (1) 

I41« (3) 
52% (2) 






18, 25 
18,25 


79% (2) 
30% (1) 








2S 
25 


40% (2} 

30f (1) 


- 


- 


M.2S 


4S» (1) 


- 


- 


- 


2S 


20% (1) 


Surfece 

30 
50 


25 








- 


- 


- 






100 
200 
300 
400 
500 


IS 

- 


3S« <1) 

- 


— 
- 


— 
— 


— 

- 


— — 

- — 


— 

— 




— 

- 




— 

- 


Aim 
700 


8 


ND(3> 
















10°-20°5_ 




















Surtiice 
250 




















500 





















3<r-40°S 

Sotfaee - - - - - - - -27 13t4(6) 

100 - - - - - - - - 21 M» (I) 

200 - - - - - - - - 21 4C% (1) 

300 - - - - - - - - 21 29% <1) 

500 - - - - - - - - 21 18% <1) 



40; 

Surface - - - - - - _ _ H «*l (1) 

200 - - - - - - - - 21 270% (1) 

400 - - _ - - - _ _ 21 81% (1) 

600 - - - - - - 21 68% (1) 



i ir.-,jsi;r.--i)i-nls were converleil in ''^'^r h', i l.i.Kir 0.67. 
Hnnt ii i l JhS. prrsonal commnniiaiion). (2) .Aarkroy ind Lippert (1065b); (i) Bow.cn ci al. (1968b); (4) Umwf Itudioaktiviial und 
Strjl, i. hlj.-i.i..i urij; I 1 965 ). ( S) A.ir kr Jk jdd LIppcft (196Sc); (6) Aarkriig and Lipprrt ( I 96 5 b), (7) Aarkri>|i and Lippert (l96Si. ); (8) Bowen 
eiaL (1968, personal connnunicaiton). (9) Popov craL (1962); (10) Dera«f al. (1962); (1 1) Shvedov ef (196Jb); (12) Aarkrog (1968, 
yenoMl cmnnualMtliin); (ta) UamlkadtoaMiwiiat und aMOteaMMnuit (IM6): (14) XkMikr 09MH (IS) Bowm m* ainllM>i (l»S8): 
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1961 1963 1964 W« 1W« 1967 

Itcf.* Coney Ref.* ConcJ' Ref.* Ooae.* Itef.* Cone* Rrf » Cone.* Ret* Omc.* 







3. 22 


18i2(l) 


3.23 


2tt2(2) 






8 


72% (3) 










8 


43% (3) 










8 


15% (1) 










22 


230'^ (2) 


2S 


51» (2) 






8.22 


m% (2) 










8.33 


73» m 














33 





3 


14*3 (2) 


3 


17i3(l) 






S 


100% (2) 


8 


94% (1) 






t 


100% (2) 


8 


100% (1) 






t 


50% (2) 


8 


35% (1) 






8 


7ft (2) 


8 


5» U) 






8 


i% (2> 


S 


6ft (» 








40% (2) 















3.33 


19±S U> 


3^33 


23t3(8) 


3 


13<1 <1> 






3 
























8 


100'?: 






















8 


100% 






8 


21» (1) 


23 


68ft Oi 










8 


66ft 










33 


68ft (2) 


















8 


36» <1) 


33 


73» (1) 










8 


I6« 






33 


4!» (5) 






















8 


16% (1) 






















33 


34% (5) 


23 


40ft (1) 


























8 


ISft (1) 











33 l«t5 {16) 

32 81% <2> 

33 TSft <3) 
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»»Sr IN DEEP OCEAN WATER 

As briefly outlined and extensively referenced in earlier 
sections, the observations of ^''Sr in the surface and inter> 
mediate depths of the oceans have been usefully applied to 
oceanography, meteorology, and related fields. The 
data from dMp ocean water, however, whik Jen abundant 



because of the expense and difficulty in obtidning good 

samples, have become a iuurce of considerable debate in the 
scientific literature. The core of the dispute lies in the find' 
lngt(Boweii and Sugfliara, I9S8, 1960, 1965; Bowen «ra/., 
1966; Miyake c/ a/ , I<)61b. 1962a) of low but measurable 
concentrations of ^Sr at depths of greater than 1,000 m in 
virtually all parts sampled of both major oceans. Tfaeie data 
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arc in direct conflict with ccniclusions concerning the rales A c ^nscnsus was impossible among the authors of this 
of vertical mixing based on ^^C measurements (Broeckei el section, regarding the subject of ^''Sr or ^^^Cs in the deep 
d., 1960; Ken ef 1963) and also with other inveitiga- ocean. Henoe, to obtdn the most ourrent viewt of the eon- 
tors' deep water '^Sr and '"Cs analyses (Rocco and cerned scientist, each was invited to submit an essay of ap- 
Broecker, 1963; Broeckei etal., 1966a). All the available proximately 500 words to be published unabridged in this 
deep water ana^i of '''Sr ire mmmntked in Tables 13 vcdume. Hie three submitied pipeis, plus tabnlationB of deep 
(Adaotk Ocean and Caribbean Sea) and 14 (Pacific Ocean). water profllea hi both the Atlantic and Pftdfic oceans foDow. 
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Evaluation of Deep Water Data 

Wallaces Broecker 

If, as reported by Bowen and Sugjhara ( 1 960) and Miyakc 
et at. (1962a), a $ignificani fraction of the **Sr and '"Cs 
added tu the oceans by fallout t)!' nuclear test debris have 
reached depths greater than 1,000 m in the ocean, then both 
the generally accepted rates of vertical mixing and the in* 
ventofies of fallout production must be seriously in erroi . 
As I consider both of these estimates to rest on flrm self- 
consistent evidence, 1 cannot accept the validity of any 
deep-water results that reqtiire this conduiiaiu The follow* 
ing pMagrapItt aie a defense of this poeitiaa. 

The oioM diffkoft aspect of any measorements involving 
trace amounts of any radioactivity is the estimation of the 
blank. Errors due to olhei sources, such as chemical yield 
and counter efficiency, ate relatively easy to pin down. The 
fact that the surface-water data from various laboratories is 
reasonably consistent rules out the possibility that disagree- 
ment on the analytical results for deep waters stems from 
any analytical error other than the blank I fool \Yii\ tlic m- 
vettigytions that yielded the most anomalous results (Bowen 
and Sugihara, I960-. Miyake et «/., 1962) did not adequatdy 
demonstrate that the deep-water results were not solely the 
result of contamination. Such obvious checlcs as running 
'('Sr-free water, analyzing duplicates, and reanalyzing pro- 
cessed seawatcr were not reported. Indeed, in the case of the 
Woods Hole group who initially claimed to have no mea- 
surable blank, it was subsequently found that one of die 
reagents used in their analyses indeed Contained enough 
'^Sr to give a few dpm/ 100 liters. 

Another reason for doubting the deep-water data is its 
lack of internal consistency. If ^**.Sr is being rapidly carried 
to the deep sea, then the deep-water values should rise 
nn^y in accord with the total amount of follout added to 
the oceans. In F>fiO, Bowen nnd Sugihara reported fmding 
several dpm/ 100 liters in samples collected in 1958 over a 
wide range of depth in the deep equetorial Atlantic. Their 
values reported here for samples collected in 1%5 and 1%6 
from the same latitude bands average less than I dpm/ 100 
liters. Other inwett^tors haw obtained sMbv low deep- 
water results. It is easier for me tO believe that this marks a 
reduction in blanli rather than a several fold decrease in the 
deep-water *'Sr inventory. Althoufli the sigaiflcinee of the 

fraction of a dpm/ 1 00 liter values found in I'JhS and l9Wi 
can still be disputed, they are not nearly as difficult to live 
with as the earlier data. The roughly thredbld inoease hi 
the surface values reduce by an order of magnitude the in- 
equity between the mixing rates required to explain the fall- 
out results and those based on natural tadiocarban. The 
inventory problem is also reduced to more manageable 
proportions. 

in June 1965, the Lament group took a aeries of samples 
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in the area studied by Miyake and his co-woikers. Instead of 
finding tens of dpm of ^St and '-'^Cs, we found almost no 
measurable activities for these isotopes. Thus, even if his 
analyses were valid, they reflect no more than a local anom- 
aly and therefore cannot be used to calculate either oceanic 
mixing rates Or fallout fawentories. 

I think it is safe to say that any finite aimmnis of **Sr 
and '^^Cs found prior to 1965 on samples from below 
1 ,500 m are alirtost certainly due to undetected blanks. In 
fact, for this period, I feel that the best estimate of an in- 
vestigator's blank is his resulu on deep-water samples, if 
they are reasombty consistent, they serve as a fair correc- 
tion for the near-surface-water results. If they sliow a large 
spread, the validity of even the surface values for that in- 
vestigator are open to serious question. 



Penetration of Fallout Strontiuni-90 into Deep 
Water of the Atlantic Ocean 

Vaughan I . Bowen 

In Table 13 are colleclcil iii J iveraged 188 measurements of 
the concentration of strontium-90 in samples from 1 ,000 m 
or deeper fat the Atlantic Ocean and Cktibbean Sea: of the 
data available, four numbers only are omitted, all from 
Ankudinove/af. (1967), whose 1963 1,000-m samples are 
so high as to inilicate probable sample contamination or, 
possibly, pretrippingof the sampler, hi tw i ither instances, 
conflicting data points have been presented without aver- 
aging: in 1961 . Rooco and Broecker (1963) Ibund negfigible 
'"Sr at 1,000 and 1 ,500 m in the Caribbean Sea. whereas 
Bowen and Sugihara (1965) found nteasurable amounts at 
these depths in the eastern Sargasso. 

Of the laboratories reporting these analyses, most have 
shown that they can extract from some seawater samples 
stronthim containhig less strontium-90 than they can detect; 
this IS true for Ankudinov et at. and GcdeoQov et al., as it is 
for Bowen and his co-workers or for Broecker and his. In the 
excepted cases- Aarkrog (Oenmaik) and Kautaky (Ce^ 
many) the considerable bodies of data include enoui.>)i 
analyses, 50 percent or less of Aeir means for deep samples, 
to eonvfaKe me ^ey are not suflMng serioudy fkom 

"blank" problems. In spite of thi? we have only one report 
(Broecker et al., 19()6a) in which a majority (4 of 7) of the 
samples were below detection limita: even in tUs case, no 
'^'Cs value was found to be zero! Although much has been 
made of them, Rocco and Broecker (1963) found only two 
below-detection '^Sr values, of eight 1 ,000-m or deeper 
samples. Reference to Table I shows that other bodies of 
data show smaller proportions still. Clearly, the dau avail- 
able are coaiistent on^ with the view that moat samples 
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withdrawn from the deep Atlantic Ocean oontaln meanii< 
able amounts of strontium-90. 

Since the depth of mixing during severe winter iiorms a( 
hi^ latitudes in both the North and the South Atlantic 
often exceeds 1 ,000 m, and sbioe isotherms found much 
deeper than ihh at low laliludes reach depths from 5urfat;e 
to only a few hundred meter», the mechanism for the ob- 
served penetration of **Sr is reasonably clear. Wust and 
Defant, Stommcl and Arons have described, either from 
geostrophic analysis of oceanographic density profiles or 
from theoretieai considerations, patterns of narrow, rapidly 
moving deep currents capable nf trinispintii )' ilnwivniixed 
^Si from high latitudes of either ocean to the equator in 
periods measwiUe in yeais or even months. It is of interest 
in this context that the data from 1957 show measurable 
*°Sr at 1,000-1,500 m in both oceans at latitudes above 
lOT, but none about the cquatoi: this was the last dme so 
considerable a matt of deep Atlantic water was sbown to 
be unlabeled. 

The apparent contradiction between this data and that 

for the carbon-!4 concentration of deep-ocean water has 
caused much concern, enough to induce others to stiggpst 
that contrary to the extensive pubiiahed predictions 
of its behavior as a solute in seawater, may be inking w:th 
some unknown population of particles, as Schuert has sug- 
gested msy be the case for ^^C*. In the absence of posithie 
evidence for this, the arguments already published appear 
conclusive, especially reinforced with the facts that rainfall 
^Str is collectible with high efficiency on ioiMxchange od* 
umns, that high '°Sr has never coincided w-th the interme- 
diate depth pealcs of cerium- 144 or promethium-147. which 
appear to represent real populations of labeled sinking par- 
ticles, and that in the Balti<; Se;), S;iln and \'o\p\o ( l'>66, 
personal communication) have ^.een no evidence for deep 
penetration of ^''Sr except as a consequence of obvious in- 
jections of new labeled seawater. This seems especially con- 
vincing since the depths involved axe so small (about 200 m), 
the halocline limiting down-mixing is so excessively steep, 
and the only-brackish surface water provides the smallest 
concentrations of stable Sr as "hold-back carrier" available 
In any wtU-Stodied marine situation. 

It seems to me unavoidable to conclude that strontium- 
90 has penetrated deep Atlantic and Caribbean waters and 
that in doing so, it must hawe acted as a tracer of real water 
movements. That this same conclusion also follows from 
analysis of our extensive body of surface water ^Sr values, 
I have demanstnied etsewttene (Bowes er«f., 1968b). 



^ and 1 "Cs in Deep Ocean Water 

Edward A. Schuert 

The existence of trace quantities of the g!ob:i'. fallout radio- 
nuchdes ^°Sr and '^''Cs in deep ocean water has been re- 
ported by a number of InveatigBtors. In most cases, the 
quantities observed hlve been at such low ieveh that they 
tuve challenged the analytical techniques available. Never- 
theleas, enough positive evidence has been iqiofiad to form 
;i i-cnsensiis. in favor of theexisteooeof^and **'C»it 
depths as great as 5,000 m. 

Recent research by the author and T. Shirasawa of the 
NRDL may shed light on this prnhletr.. An in situ pumj> 
adsorber system was developed and was used off the coast 
of Callfomla (32*N, I3(f W) to extract ^^'^Cs from large vol- 
umes of seawater using the inorganic ion-exchange material 
KCFC. Profiles taken to 2,000 m, well into the deep water, 
were analysied for both staUe oeshun and *^Ct. This tech- 
nique permitted the acquisition of uncontaminatcd samples 
from effective volumes of over 1 ,000 liters and furtliet per- 
mitted an absolttte error ettinute to be placed on the mults. 
Two p'lifilt's taken in Januarv and June of 1967 showed 
positive evidence of 'Cs to 340 m. Samples taken at 
380m, 450 m. 700m. 970m, 1,200 m,a»d I^OOmoao- 
tained no ' ^'Cs within the Hmits of detection (0 ± 0.2 dpm/ 
100 liters). Water samples taken at the same lime and pro- 
cessed bi the hriioratory showed trace amounts of '^Cs 
existing as deep as 1 .000 ni 

The above unpublished results suggest that ionic '^^Cs is 
not mixing acioas the intermediate wateis into the deep 
donisifi. The quf<iti(>n of translocation hy particulate or by 
tlie bioniass remains to be evaluated. However, it should be 
pointed out that If '*'Cs or in to be oqiloiied as 

tracers of ocean water maSSO, Ofdy the loolc COmpOOCBt 

should be measured. 

I iM that ionic ■ ^^Cs and ^Sr are exceUent tracers for 

studying ocean ■ircula!inn and mixing processes and that in 
the absence ol advcciivc processes, as in the case studied 
above, there has been no exchingv between surface and 
deep waters in the time flame represented by the history of 

global fallout. 

Data reporting the existence of global fallout at depth 
should be reviewed from the point of view of advective and 
otlier translocation mechanisms such as particulate and bio- 
masi activity. 
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THE INVENTORY OF ^St IN THE OCEAN 

Because of the limited number of^^Sr and ''''Cs meawre- 

menls arul Jhe disagreenieni rejiurjing the validity of the 
deep water values, any overall oceanic inventory is bound to 
be «ul]ject to rather large uncertaintiea. For thb leaMn, we 
have chosen an approach that lends itself to a variety of a^ 
sumptions regarding the distribution of fallout. 

lite '''Sr ooncenttatkm at any depthjr, in the ocean 
can be approKlmated by the foUowing equation: 



(I) 



whi rl' (\ ind C[j arc, respectively, the concentrations of 
♦''Si ai I lie surface and in the deep v^iatcr mass. The parame- 
ter x,^ (called the half muting depth) is the depth at which 
the s'lrfjce wjtet excels (i e - Cp) decreases by a factor 
of two. i ipuic .> diagrammatically represents the parameters 
of Lq. ( I ). Note that, for flexibility in oompuution, this 
method Jellnes any parcel of water as consisting of both a 
"surface and "deep " component. The surface concentra- 
tion, Cg-Cp. decreases as described above; the deep con- 
centration Cd remains constant throughout the depth of the 
sea. 

Signifying the mean depth of the ocean by x, and recog- 
nizing that X is large compared to x^/^, Eq. (1) can be inte- 
grated with the following lenilt: 



1/2 



0.693 



(2) 



Since Cp an;l f'^ aie generally in units of dpm/lOO liters and 
X andX(y2 '"^ >^t£'^> integrated activity would come 
out in the unit, dpm melsr/100 titers. This is readily eon* 

vertihle to the commonly used fallout unit mCi/km^ by the 
factor 4.S X 10-^. Taking J to be 3.8 X 10^ m, we then have 
(lnunltsofmCi/ltm>) 



C » 17C|, + 6.5 X lO-J (C, - Co)Xif2 . 



(3) 



Before dobig any detailed calculation, it ii worthwhile to 

get some feeling for the rebln c magnitude of the two terms 
in the integration. To do this, we will consider the ocean as 
a whole. Regerdleis of how the deep water data ate ^nte^ 
preted, a reasonable maximum for the oceanwide average 
for Cjf would be 3 dpm/ 1 UO liters (see Table 12). Hence, the 
Upper tfanit on the inventoiy of the deep component is g^n 
by 

CpxAo < 17X3X3.6X10* ^ 18X10* mQ 




ocean 



MEAN OCPTH. SeOO MCTEMS 



FIGURE ) Ougramnuilc reprcMflUKion of the 



or 



where Ap equals the area of the entire world ocean, 3.6 X 
10»km*. 

In estimating the surface component of the total inven- 
tory of *°Sr (from Table I and Figures I and 2), if we take 
X ,p to be 200 m (it probably ranges from 50 m to at least 
SCO m) and C; - to be 30 dpm/ 1 00 liters (it nnges Irom 
7 to at least 100 dpm/ 1 00 Utets) we obtahi 



{Cs-Cn)-^Ao - 6.5XIO-»X30X200X3.6X10» 
0.693 

- 14X10* ma 

e 14MCi. 

Clearly, both tetmi must be conaklefed! 

Complete Inventories of **Sr fat the oceans have been 

carried out for 1961 and 1966. These years were picked be- 
cause substantial data are available at ahnost all tegions and 
depths. It seems quite dear, based upon the information de- 
veloped in the earlier sections, that the surface ^°Sr values, 
Cf , ate high enough in concentration and well enough cross- 
checked as to be open to very httle queition. The half mbi' 
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TABLE IS Oc«uiic Areas and Hali Mixing Depths 





AnaU0*km3) 




Latitud* 


Adatttie 


Pacinc Total 




>3lirN 


0.23 


Oi41 OlC4 


200 




0.30 


061 a9i 


100 




0.2C 


0.12 OlM 


100 


>3ars 


0.2fi 


aM 1.06 


200 


TABLE 16 


Surface Concentrations of ^°Sr (dpm/ 1 00 liters) 




AdaAtle 


Fadfie 


Avama 


Latitiida 


IHi m 






>30°N 


22 37 


40 95 


34 74 




14 22 


39 91 


31 68 




7 18 


23 23 


18 22 


>3crs 


12 18* 


« 21 


9 20 



ing depth. jr,^j, and the average deep water concentration. 
C^.are somewhat in doubt; hence, to establish hnuts on the 
inventories, "reasonable" limits for these two parameten 
were used. For the deep water, values of 0 and 3 dpm per 
100 liters were chosen. While the intermediate depth pro- 
files of Tables 9 and 10 and Figures 1 and 2 do not really 
permit definition of a systematic geographic variation, we 
have divided the main ocean bodies of each hemisphere into 
regimes north and soutli of 30° and assigned values for the 
half mixing depths of 100 m for the low-latitude rcfUxu and 
200 m for the high latitudei. The anat und In tin compit 
tation and the iBiipwd half nixing depths lie lilted hi 
Table IS. 

The valaes of the siirftoe water oaaoentrations of *i*Sr 

were obtained from the data in Tables 1 , 2. and 3. These arc 
hsted in Table 16 along with the averages, weighted by the 
appropriate areas. 

The computed '*'Sr inventories for 1961 and 1966 arc 
shown in Table 1 7 for the two cases of deep water concen- 
tntiom mentioned. Alao Uited aie the values calcuhted by 
extrapolating the land fallout observations, assuming no dif- 
ference between land and sea. It is very striking that even 
tmder tlw tnxnt consenrative aasumptions used in tlui calcu- 
lation, the results are double the land fiillo.it per unit area. 
The overwhelming evidence, it must be pomted out, sug- 
gem that the deep ocean samples do contain tmdl Init mea- 
surable concentrations of '"Sr :tnd further that the hnit mix- 
ing depth chosen for the computation is lower than most of 
the observational data would suggest. Henoe, tliese conad- 
erations lead one to conclude that the oceanic fallout ap- 
pears to have been at least three, and perhaps more, times 
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that on land, in agreement with the conclusion reached by 
Boweneraf. (1968b. 1969). 

We cannot reconcile this conclusion with the best csti- 
mates of the total '**Sr inventory (Volchok and Krey, 
19(7), which at most could accommodate about SO percent 
more fallout on sea than on land. The additional '"*Sr sug- 
gested in this computation, more than 7 MCi in 1966, seems 
to be much more than can be attributed to either measure- 
ment errors or underestimates in the total '°Sr production, 
and we are consequently left with no reasonable explanation 
for this inconsistency. 



THE RATIO OF ^ ^'Cs TO ^Se IN SEAWATER 

Radiocheniical analyiii of most environmental samiiikt 

studied in the investigations of nuclear fallout (stratospheric 
air, tropospheric air, and precipitation) yielded '-"Cs/'^Sr 
ratios generally ranging between values of about I and 3 
(Friend et al., 1961 . United Nations Scientific Con-mittee 
on the fclfccts of Atomic Radiation, 1964, 1966; Hardy and 
Chu, 1967). Since both of these nuclides have inert gaseous 
precursors in their fission chains and generally similar non- 
refractory chemical characteristics, substantial fractionation 
from the time of their creation in the nuclear burst is con* 
sidered unlikely. Hence, the major part of the variation in 
observations of the ratio of •*'Cs to *'Sr in envhonmenlal 
samples has been thought to reflect errors in analysis. 

The expected value of this ratio in ^obal fallout, com- 
puted by Harley et al. (196S), based upon measured fission 
product yields of debris from megaton weapons and current 
data on half-lives and decay schemes, is 1.4S. Thus, all of 
the Moat enieruig the sea is aasuned to carry this ratio of 
»3»C4to«Sr. 

Tables 18 and 19 summarize data on the ratio of "''C* 
to ^Sr for both the Atlantic and Pacific oceans, subdivided 
by depth regions. The overall weighted average for all of 
these data is 1 .6 ± 0.3. It seems reasonably clear tlut no sig- 
nificant trends in the ratio have been manifested, either with 
time or depth in the sea. All of the apparent anomalous val- 
ues (such as in the I96S deep water Padfic) are readily ex- 
plainable, generally due to the extiemely low activities and 
C I r. i quent greater uncertainties eneounteied in these 
samples. 

A limited amount of data is available for both '^'Cs and 

'"Sr from the Black Sea. Ccdconovf / al. (1966) reported a 
number of analyses on samples taken in mid- 1965 from the 
surface to 500 m deep. The f^CV'^Sr was extremely oon> 
stant. averaging 1 .7 ± 0.1. 

A substantial number of samples from the Baltic Sea 
were analysed for these Isotopes oowerbif the period 1960 
throu^ 1967 (Kautsky, 1968 personal communication; 
Paakkola and Voipio, l96Sa; Salo and Voipio, 1 966 and 
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TABLE 17 Calcuhted Oceanic Inventoiks of **Sr iiil96] and 1966 (in MQ) 



Measured Deep Waler 

Coni-cntralion 

(dpm/lOOliteis) 



Calculated 
Component 



Calculated 

I>ccp 

Component 



Land ExuapoUiion 



IMl 

0 

J 

1966 
0 
3 



7.0 
«.l 

14.3 

13.1 



0 

itA 

0 

16.4 



7.0 
24.S 

14.3 
31.S 



3.2 



TABLE 1 8 RaUo of i^Ci to ^^Si in the Atlantic Ocean 



Ycu 



Surface Wattr 
1961 

1962 
1963 



1964 
1966 



Z5tl.0(6) 
1.7t0.2(2) 
I.5i0 (2) 
I.StO.l (2) 
1.8)0 5 (54) 
1.9t0.3(2) 
1.5*0.2(8) 
1.7±a3(30) 
1.5*ai (6) 



Kautdty. 1969. penonat 

Rocco and Broecker, 1963 

Rr.,.;r .1 n J BrotvktT. :'?63 

K iutKk', 1968. perionaJ communication 

A:;K..i!n,i.v ,1 ai, 1967 

Broecker Cloy.. 1966a 

Unmclindioaktiviiai und Stniilialidatlnit, 
GadKHNw 1967 

UiMNltniUaaklMlat wA StialilMitaiatlnNib 



196S 

1966: KMitAy. 1968 



Intefnwdiatc Water 

1961 

1963 



1964 
1966 

Deep Wat« 

1961 

1963 

1964 
1966 



I.6i0.2(5) 
l.7tO.S(S) 
l.7tO.S(2l) 
I.S ±0.2(7) 
UtO.1 (14) 



a5to (1) 

1.7<a6(3) 

I.7t0.3(6) 
1.9t0.< (20) 



Rocco and Broecker. 1963 
BrcK-'cket <•/ al.. 1966* 
Ankudinijv <•/ al.. I 967 
(^edeonovera/., 1967 

UmwdtradloakiMtat ui 



Rooco and Bioecksr, 1963 
AflkMAMwaral., 19167 
(Mmnov era/., 1967 
UnmHtiwUcNkiMlat uad Si 



1966: KMit*y. 1968 



i«l,1966;lCauuky, 1968 



'AvMaga valM a i 



I deviailon; luimbacs in pataiitlMiaa act mimban of sMlyMa. 



personal communication, 1968). The ratio in the Baltic is 
found to be not nearly as constant as was se«n for the 
oceans and generally is significantly lower, averaging some- 
what less than I 0 Lvidcnily. conditions in (he Baltic Sea 
encourage the fractionation of tlwse nuclide* after deposi- 
tion, probably by changes in the "'Cs ooncentration rather 
than the '"Sr (.Salo and Vo.pio, 1%6). 

This brief disciusion and the sununaiies of ratio data 
presented in the tables strongly indicate tlwt iMrring the 
most unusual i.oini.idcni.c ol" some geochemical or biological 
proces^k moving boUi nuclides in the sea in the same ratio of 
their supply, and >^Ci (and hence their stable natu- 
rally occurring isot(^) must move by ocean circulation 



processes and «i« theiefore valid tracers of the water 
movements. 



TRITIUM IN THE OCEANS 

The global inventory of bomb-produced tritium, piimarily 
from the megaton hydrogen weapons tests of the late 195fft 
and early 1960's (Martell, 1^63), far outweiglis the amount 
present from natural production by cosmic interaction with 
■ir. Further, nibatantially all of the tritium, both iiatural 
and bomb-praduced. comblnec to fomi tritiated water in 
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Yetr 



Surface Water 

1957 

1»8 

t»9 

1961 

1963 

1964 

196S 

1966 

IniermediiH 

1963 

19M 

196S 

1966 

Peep Water 

1958 
1959 

1964 
196S 



1.2*0.4 (7) 
1.2ta3(3) 
I.U0.3(4) 
14ft0.2(3) 
I J 10.2 (4) 
1.510.3 (8) 
1.5t0.2(15) 

M*ai (2) 



1.910.5 (5) 
1.7*0.2(10) 
U 10.2 (26) 
MtO.1 (S) 



1.2*0.2(4) 
1.4i0.5 (4) 
1.4 10 (I) 
I.I1O.I (2) 
3Jtl.9(«) 



Miy8kc«-f a/.. 1962* 
Miyake 1962a 
ll|yilwer«f^l962t 
Rooca md txoukti, 1963 
Broeckor etd.,\ 966a 
Shiiasawa and Schucrt, 1968 
ShifSMwa and Schuert, 1968 
nandSdHMTt, 196B 



Broeckerrni/.. 1966ii 

Mand Schuert, 1968 

I ami Schuert, 1968 
SUuMnmaudSclMwrt, 1969 



SaruhiLihirro/., 1962 
Saruhashif / a/.. 1962 
Sjruhjihif/fl/., 1962 

Shipnun, 1966 

iindSdMurt,19«8 
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the stnttMptefe. and it subaequenfiy biou^ ilown tnto the 

troposphere, where both precipitation and molecular ex- 
dung^ serve to transfer the tritium into the surface ocean 
wtter. Hence, tritium coaU probably be calkd the ideal 
tlicerfor ocean water movements, and in light of the time 
dements invoWed since the major injections into the atmo- 
qihere and tlie probable concentrations in tlie sea from 
natural sources, it should be extremely useful in studieiof 
rates and mechaitisms of surface water movements. 

In en, the date end appHeation of the date on trithun in 
ocean water is sparse. Some 350 samples of surface water 
from the North Pacific collected between 1959 and 1966 
were analyzed for tritium (Bainbridge, 1963a, b; Doddnt *t 
al.. 1*'67 V They showeii th;it the response of the ocean 
water to a pulsed input ot tritium, such as the sprmg fallout 
hi^is an instantaneous rise that decreases rather quickly, 
presuniahly due to distribution downward into the mixed 
layer. In addition, it was pointed out thai since the peak 
KiifMe concentration in I ''63. the levels remained about 
constant through 1964 and 1065 and have subsequently de- 
creased, although the decrease has not been as abrupt as that 
of the triiiumoonoentratioilin pfedpitation in the northern 
hemisphere. 

In the Atlantic Ocean, Ostlund and Rinkel (1967) studied 
mixing and movement of water in the equatorial current sys- 
tems by use of a series of profiles of tritium concentration, 
temperature, aixl alinity as a function of depth. Hie sam- 
pka wait obtained bi Mardi of 1964 from an ) 



eboot Tti and 2°S of the equator, and about T'W to 1S*W 

longitude. Their data strongly indicate that nn nieasurahle 
tritium penetrated below the thermochne (at approximately 
100-200 m), and they cooehide diat the thermodbie is an 

effective harrier for w;!'er, A typical tritiUm pioflk flOm 
this paper is shown in Figure 4. 

Additional Atlantic Ocean depth profiles for tritium have 

been reported on samples taken over a year later from the 
Atlantic, over a range of about S^S to S2°N latitude 
(Munnich and Roether, 1967; Roether and Munnich. i 967). 

The latitude of these wa? from about 2n°W to ?n°W Some 
examples ol the proliles Ironi these studies are reproduced 
in H|Uie4. Generally, the equatorial samples, to 1 5°N, show 
a rapid decrease of tritium with depth, although meas\irahle 
values seem to persist somewhat deeper than was seen in the 
Ostlund and Rbiliel profiles. Whether this deeper penetra- 
tion of tritium can be attributed to the additional year be* 
tween the sampling, or perhaps to the particular longitudes 
of the profiles, is not apparent. 

Further north, as Figure 4 clearly il!iis1ra!es. the pene- 
tration ol irilium occurs to even greater dcpiiis, 11 is easily 
measurable at 100 m at all latitudes north of 38° N. 

In Table 20 are presented parallel data for tritium and 
•''Sr analyzed separately on samples collected sunulta- 
neously in July of 1967 from four stations in the North At* 
lantic. The tritium was analyzed by Roether and Mimnich 
(1968, personal communication) and the ^Sr by Bowen 
cf «f. (1968, impubUAed data)^ The two stations mariced 
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FI6U RE 4 Tritium profilM In the Atlantic Ocean. 
(Profiles A. C, 0, £, and F after Roethar and 
Munnich, 1 M7; profile ■ after OMliind and Wiiket, 

1967.) 




"Eastern" lay belwctii 15°W and 30°W longitude, and the 
two marked "Western" lay between 3S° W and 4<fW.Al* 
thougli the actual ^°Sr and tritium results in some cues 
show significant differences with respect to both surface and 
"mixed layer" ooiloeMlltions, lemaricable agreement is SMn 
when the data are expressed as percent of surface value. 

The eastern stations show essentially uniform to 
200 m and '<*Sr to 300 m, and only about 80 percent of th« 
nirfaoe '*'$r at 300 m. Even at SOO m, the eastern stations 
show about 60 percent of the surftce *<'Sr or 'H, while tht 
western fraction is only about 40 percent, both nUcHdeS 
apeeing well. At 1 ,000 m. on the other hand, the eattem 
stations show lets than S pevoent of the nufooe ^Sr and less 
than 1 0 percent of 'H, whtscas the western pair show 20- 
25 percent of the surface value, both nuclides again agreeing. 
The few samples in the 2,000-2,500 ni range show no E>W 
dichotomy, the two nuclides agUD Rgreeing at 7-8 percent 
of the surface values. 

Cleai ly, the data show no qfsteniatic vertical diaciepancy 
between '''Sr and 'H, as was augiested by Ostlwnd and 



TABLE 20 Tritium and ^Sx in Atlantic Ocean Profiles, 
Jtily 1967. 40°-S0°N (percent of surface concentration) 



Depth (m) 


Western 




Kj^tcrn 




Trtuum" 


90s,* 


Tnuum^ 




1 


100 


100 


too 


100 


100 




OSJ 




100 


200 


00.7 




96 




300 




79 




too 


400 










500 




39 


60 


64 


600 


H 




50 




700 


1 1 


15.7 






800 


17.3 




1S.2 




1,000 


26.6 


21 


lA 


3.4 


1400 


9.5 








2j000 




7.6 




s.a 


2J00 






7.§ 





"irilium aiulvMs Irotn Hot'ihrr jnJ Muniiich (pcnunal cammunica' 
tion) 

''''''Sr analyses (torn Buwen et at. <ui)publttl)eil data). 



Ritdcel (1967) for equatorial samples; Rooth (personal com- 
munication) has found their data consistent with the hy« 
pothesis that in 1963 no -^H had penetrated the 10° iso* 
therm about the equator. At the stations reported in 
Table 20, the 10° isotherm lay betv^ ccn 700 and 1 ,000 tn on 
the eastern side, and between SOO and 600 m on the western; 
clearly, the dau show penetration of this "barrier" in every 
case, but moieextmshrdy when the isotherm lies doier to 
the surface. 

The noncorrespondence of absolute concentiatkms of 

•^H and """Sr in both surl'ace and deep water samples is talcen 
as evidence liiat these nuclides are introduced to tlie ocean 
with differing efficiencies by rafai or other processes. A de* 

tailed examination of this rdalionship might he expected to 
be quite illuminating with respect to mechanisms of over- 
ocean fallout. 



IN THE PACIFIC OCEAN 

The distribution of radiocarbon In the ftdfic Ocean is best 

discussed under three headings; in the deep WIter, in tiw 
surface water, and in vertical profiles. 

The investiptions of radiocarbon in deep Phcific Ocean 
water confirmed the theory that the only source of deep 
water is from the south, lloviai^g northward, and the stroO' 
gest movement fai deep water is along ^ western boundary 
(Bienrr j/.. 19(,5). 

Unfortunately, no measurements ot Faciiic Ocean 
surface water were made prior to substanthd contamination 
by radiocarbon from nuclear '.vcatmns tests. Btoecker and 
Walton (1959) reported that approximately 10 percent of 
the bomb-produced radiocarboo had entered the ocean. This 

materia! scncd as a tracer of downward mLxing. and Bien 
and Sucss (1967) concluded that no penetration could be 
observed beyond a depth of 200 m in the Fteific Ocean. 

The hori/onlal distribution of '*C in the surface water of 
the I'aciric Ocean is apparently very dependent upon lati- 
tude. In areas of known upweBlng. where the water temper- 
ature is very obviously affected, the radiocarbon content 
follows the simple quahtative rule postulated by Burling and 
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Gamer (1959), i.e., that th« warmer the suiiace water, the 
Mtlwr itt ndioGubon ooatmt. The colder, *^poor lubsin^ 
face water acts to oool and dilvte the winner '^Cfidi sur- 
face water. 

The MBKmal diaFacteristSctof flie content in the 

North Pacific is verv' we!! illustrated by the samples collected 
in a pair of traverses made in I9b4 1966. During the 
summer or 1964, when the sea was calm and surface activity 
was at s niinimuiiv samples were obtained along the 1 55° 
west meridian, from 27°N to 52 N. The '""C concentration 
leadied a peak at about 35''N, the center of the so-called 
subtropical gyre in the North Pacific Ocean. At about 42''N, 
the showed a minimum, indicating dilution by subsur- 
face water, alio confirmed by temperature measurements. 
In midwinter of 1966, in rough seas and maximum surface 
acthrity, the same traverse was repeated. The resultant curve 
followed the same general trends but wu measurably 
damped, possibly because of the effects of increased adveo- 
tkm and/or horizontal mixing in winter. In Figure 5 these 
remits are iihistnted in units <rf relative concentntioo. 



OTHER FALLOUT RADIONUCLIDES IN 
OCEAN WATER 

In a later section of this chapter. Table 21 lists all artificial 
radionuclides known to have been measuitd in letwater, 
with a key to the literature references in which theie have 
l)een reported. The data faU into two classes: reports of oc- 
currence, without enough detail of sampling either vertically 
or horizontally to support oceanographic or geochemical in- 
terpretation; and careful examinations of the vertical or 
horizontal distrlbotlons of a few nuclides, undertaken either 
by analysis of series of water samples or by the ttie of AijAh 
gamma-ray spectrometers. 



Rtports of Occurrence 

Some of dwse obaeivatlons refer to radionuclides definltdy 

not originating in fallout. There are a number of reports 
dealing with the Columbia River outflow, wliich carries 
eoolbig water radionuclides from the Hanford worlcs Into 
Northeast Pacific coastal wa'er. and another series dealing 
with the outflow into the Irish Sea from the British fuel- 
reprocessing plant at Wlndseale. It shotild be noted that 
there are no reports of "p, ■»«Sc, "Cr, *"Co, ^^An. 
"OoAg, or '*<*Ba in scawater, except from the Columbia 
River outflow. Of these, ^Co, **Zst, and * '0"Ag are 
knoA n to be disseminatpil in wnrldwide fallout, and others 
must be introduced to the oceans in course of the opera- 
tions of nueleai>-powered ships as well as hi marine disposal 

of radioactive wastes (see Chapter 1 ), Hut their concentra- 
tions in seawater have not reached levels detectable by tlie 
methods so far used. 

There is a much smaller number of reports in which the 
results are surprising: Nelepo (1960b), on the basis of in situ 
gamma spectrometry, reported bodi ''Kr and **'Bu. Con- 
sideration of their gamma spectra in relation to the relative 
insolubility in seawater of the former and to the quite low 
fltrion jfield of the latter leads to the conclusion that each 
represents a misidentification of a gamma peak of '**Ce 
that Nelepo did not report, in spite of its known consider- 
able abundance, even though '^^Eu is shown by its demon- 
stration, unequivocally, in marine sediments (Cerrai et al., 
1967) to have been present in seawater. A similar case is the 
report (Nuloun and Vasquez Barete, 1967) of > lin 
coastal seawater from the eastern Pacific. Gulf of California, 
and Gulf ot Mexico. The amounts reported are very high, a 
mean about 65 percent of the ^^Sr in five samples for 1966, 
and show no systematic change with time in tlie months 
from March to October. There is no question that tor brief 
periods following any atmospheric test explosion. '^M is a 
measurable constituent of fallout, and its identification in 
marine organisms has been made frequently; however, its 
presence hi seawater had not been clearly dononstrated 
before. 

Another small group (**Mn and '^*Sb) of radionuclides, 
well known from reports of their presence in aerosols and in 
marine sediments to have been introduced as fallout to the 
oceans, have only rarely been reported from the open ocean. 
Antimony- 1 25 was found in 1963-1964 samples from the 
Gulf of Mexico (Hood e/d/., 1964;Sk>wey er«/.. 196S)by 
gamma spectrometry on material concentrated from 1 ,000- 
Uter samples; Bowen and .Sugihara (1958) had been unable 
to detect this nuclide in 55-liter samples from the open At- 
lantic. Slowey et al. ( 1 965), from the fact that "'Sb con- 
ccntrations were highest in near-shore samples, suggest the 
seawater reflected land run-off as well as direct fallout to 
the ocean; very nttle '''Sb was found in other than "aotit- 
ble" forms, Manganese-54 was found both in the Gulf of 
Mexico (Hood et al., 1964; Slowey et al., 1965) and in east- 
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em Pacific coastal waters (Folsom er al., 1963); Slowey et 

al. fiiund much les? than the expected '*Mn in particulate 
forms, but they nevcrlhcle&s found thai this nucUde was 
moving downward in the water column at a rapid rate com- 
parahlf i;i 'Iili' nf ***Cc 

Other radionucUdes about which we have veiy liltk ui- 
fonmticm iiicitide«»Sr (Cigme#«f.. 1963). 3»Pa uid >^Pu 
(Pittai«/0/.. I%4.Bowen el a!.. 1971). and ""Y (Miyake. 
1963a). In the case of ''^ Y, Bowen and co-workers have a 
iarse number of still unpublished analyses of North Atlantic 
>inrface water samples taken early in by about June of 
that year, they found ^' Y no longer determinable in 5S-liter 
samples. In the case of plutainhun-239. Pfliai er «l. (1964) 
found, surprisingly, no evidence for separation of this nu- 
clide from either ''"St or ' ^^Cs after reaching the sea surface, 
it seems likely that this was the leiult of their observinf at a 
time when arrival of new fnUauX was so rapid as to obscure 
the ctlects of nurme fractiunaiion processes, since unpub- 
lished data of Pillai (Noshkin, Bowcn.andFlQal.peraoaal 
communication) showed that in shallow-water marine sedi- 
ments the relative ^^''Pu content was comparable to ''*'*Ce, 
mdicating. as discuswd bclow, eoflsideiable sepantion from 



Nuclides Whose Vertical iml Horizontil Distribu* 
tlons Have Been Extensively Studied 

This group is seen by elimination to comprise •'Zr-^'Nb. 

lo.iRy 'OftRu, ""Ce, '**Ce,and '*''Pm. Of these. '"Tin 
has been reported by only one gfoup (Bowen, 1961 ; Bowen 
and Sugihara, 1958. 1963. 1964, 1965;Sogihan and Bowen. 
l''6Z; Bowen t7 a! . personal communication), although its 
fallout onto the sea surface in determinable amounts has 
been confirmed by analyses of marine blou (Cerral er of.. 

|i»64.i S. lii .'ther. l<>66)and sediments (Cerrai ef a/., I964b, 
l967,Schteiber, 1966b). As seen in Table 21, the others 
have each been studied by a number of investigators, both 
in open-ocean sample^ and, in the ciiscs of ''^Zr-"Nb and 
'^Ku, in the eftlueni from the Windscaic works, it lud 
been predicted by Bowen and Sugihara (1958) that lanflta- 
nidcs in fallout should be largely assocui'.ed w ith particulate 
matter in the oceans; the same conclusion was indicated by 
the studies of Gteendale and Ballou (1954) and FreiHng and 

Bllk>u(1962), although their data may not be :if plicaWe tO 
"Voild-wide fallout" geochemistry. In the cases of '^^Zr- 
*'Nb. '"*Ru and >*>Ce and ^**Ce measurements by 
Chessclet and co-workers (Chessclc and Lalou, I964a, b 
196Sa, b; Chesselet e/ a/., 1965) and by Hood e/ a/. (1964) 
and SkMvey et al. (1965) have shown this prediction to be 
l::ri;-!y correct, although the last-named authors reported 
unexpectedly large percentages of each to be "soluble" at 
some depths sampled in the Gulf of Mexico. Both "Zr^ 



*<Nb and '**Ru appear to be hrsely particulate iho in 

Irish Sea waters contaminated by Wndscalecinuent 
(Mauchline, 1963). 

As might have been expected from this agreement of 

behavior, the vertical profiles of concentration of these four 
radionuclides agree in prmcipal but not in detail. Curves are 
'Svavy," with secondary maxima at depth and often even 
the maximum concentration at appreciable depth. In cases 
where samphng was close enough to show this detail, espe- 
cially profiles by Chesaelet, there fa a tendency for the curve 
to peak at a depth just shallower than the l<ip of the ilicr- 
mocline. With the exception of this regularity, the actual 
depths of subsurface concentration maxima vaiy widely 
(Ruweii .!iul Sugihara. 1965; Sugihara and Bowen. 196?. 
Higanti f/ ii/.. 1963b; Riel. 1966); although no syslenuiic 
examination of this question has yet been made, enough 
datj iiv av.iihbl-.: lo show tint it is very unlikely that these 
subsurface maxima coincide with depths characterized by 
Stable high concentrations of suspended particles as de- 
scribed by Jerlov ( 1955) or by Lisilsyn ( 196 1 ). It appears 
rather that those fallout-labeled particles that penetrate the 
thermoeHae hiwe quite rapid vertical velocities. 

An important question about vertical transport referred 
to by Bowen and Sugihara ( 1 965) as "populations of sinking 
particles" is whether these have significance for the geo- 
chemistry of the elements whose radionuclides are analyzed 
or wliether they represent fallout nuclides lodced into the 
debris of atmospheric tes4s (as "glassy spherules" condensed 
from the explosion cloud, for instance) and not equilibrating 
with elemenu in other phases of the ocean water column. 
Briefly, it is at least the majority opinion that little, if any, 
of the fallout analyzed in tlie ooeaiu can be g^ochemicaily 
inert. We have discussed above the evidence that **Sr and 
'■'Tsare largely present in seawater in soluble form. Bowen 
and Sugihara (1963. 1965) and Sug^a and Bowen (1962) 
have discussed the evidence that *^Ce and '^Pm are phys- 
ically separated after they enter the water column Similar 
separations are seen for '^Zi-'^Nb versus '^Ru m the ver- 
tical profiles published by Chesselet and oo-wofkers (1965), 
bv wcv i7 al. n^ri?). and by RicI (1966). TTiat each of 
these radionuclides has been separated also from '^Sr or 
"^Cs is dear this was explicit^ discussed by SugBnn and 
Bowen (1 ''62 ) and by Higanocf a/. ( 1964). Separations 
such as these appear possible only by solution of the fallout 
debris f (he low conditions often operative in evapocM* 

ing rain drops CFricsson. 1957) must not be lost sight of) 
and entry of the mdividual radionuclides mto appropriate 
radioaudides into appropriate geodmnical cydea fai the 

oce;ins 

This IS not to say that one can be confident that the fall- 
out radioiiuclides come into laotopic equilibrium with theh 
stable elements in seawater and so act as "good" tracers gco- 
chemically. in most cases, we have no evidence appropriate 
to considering this queitioa-no stable element oonoentra* 
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tion data for zirconium ruthenium, or antimony, and really 
too little in such a ca&c a;k manganese. The fact that lalluut 
ndionucUdes enter the ocean hrgdy by penetratiun ut the 
sea surface, with its attendant organic chemical complexities 
still bemg unraveled, should surely rai&e suspicions in our 
minds. No evidence has yet appeared either in the Irish See 
or along the United States Pacific coast that uptalce l)y or- 
ganisms is different when particular nuclides are introduced 
either as fallout or as "Wind&cale effluent" or "Columbia 
River outfall." This is encouraging but experiments have 
not been planned speciflcally to explore this question, and 
often the fallout nuclides have had to be studied at great di- 
lution, producing large experimental unceruinties. Should 
bter study bear out the hypothesis (Slowey et al., 1 965 ) 
that a large fraction of near-shore antimony- 1 25 represents 
land ninofT(and, by infereooe, is isotopicaUy equilibrated 
wMi land^upplied stable antimony), this sitiutwiiinndd 
appear very favorable for confirming the useiidneM of 
'^'Sb as a geoclwmical tracer in seawater. 

In the case of the lanthanides 0**Ct, '^^Pm, and, when 
measured, '^'•l ul. recent evidence has further complicated 
the picture: H^gdahl etai. (1968) report that the relative 
abundanee pattern of bnthanide elements appears to be a 
conservative propcrt> :ind to distinguish in the Atlantic such 
water masses as North Atlantic Deep Water, Antarctic Inter- 
medbte Wttu, and Antarctic Bottom Water from each 

other. Constir iients of this degree '. if cimNCrviitisni. hearing 
in mind that the Antarctic intermediate Water mass is only 
about 700 m thkk about the equator (Defimt, 1961). codd 
not have vertical velocities of the orders suggested for fall- 
out '*^Ce or '*''Pm, and they probably could not have 
oceanic reridenoe times as short as those estimated by 
Goldheige; j/. (1963). In discussion of this latter discrep- 
ancy, Goldberg has suggested, as had oiiiers, that the short- 
Naideoofr>tinie elements undoubtedly represent two con- 
stituents: one that is removed very rapidly after its 
introduction from river outflow by geochemical processes 
peculiar to the conthwotal shelves; the other that, after 
reaching the pelagic envimnmcnt has i ve^y long residence 
time. It is dear that this latter portion lias the geochemical 
properties to be a conaervative constitoent of major water 
masses. It does not, however, appear that fallout lanthanides 
are tracing, or, by inference, equilibrating with, either postu- 
lated constttueiit 

Further examination in the case of each traceable fallout 
radionuclide, of the rciutiunsiup between their behavior in 
the marine environment and that of the various forms of 
their related elements, should be a major tadc of Stttdeota of 
talloui geochemistry in ihe oceans. 

One Tinal point should be emphasized: Studies of shallow 
vertical profiles of such relatively short-lived nuclides as 
••Zr-»*Nb. '»-'Ru, '»*Ru, '""Ccaiid "»^Ce (Chcsscletef 
al., 1965) yielded very convincing evidence that lot theie 
fallout nuclides the deposit per unit ocean surface hat coo* 
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siderably exceeded that per unit land surface at comparable 
latitude. Chesselet and his co-workers found a significant in- 
cmaae over land in fallout per unit area. The taoffi of **OVer' 
ocean excess," on the Bay of Biscay iir Mediterranean, was 
trum twofold to scvcntuld. Since in each case these integra- 
tions represent only the upper 1 50-300 m, they must be 
viewed as underestimating by whatever amounts have pene- 
trated to deeper levels. Considerable iiiteiest attaches to this 
demonstration ofttenme order of magnitude of over^ 
ocean fallout excess as has been described from measure- 
ment of vertical profiles of *^Sr discussed earlier in this 
chapter (Bowen and Sugihara, 1960, 1963, 1965) or from 
study of the changes with tune of surface ocean '^Sr con- 
centrations (Bowen et ai., 1968a. b). 



NUCLIDE REFERENCE TABLE 

Table 21 lists all of the known publications that either re- 
port results or describe methods of analysis for radioiso- 
topes in seawater of particular interest to this chapter. In 
all, 26 radionuclides are nepeaaented, with mofe than 1 70 
references ; ^Sr and '^^Ct aire, nntuiaily, the most 
prominent. 



TABLE 21 References to Radionuclides Analyzed in 

Seawater 



Nuclide Refemua 



United Nations Sc!LTit:i'ic Comrr.ittfle«atiMEIEietSef 

Atomic Radiation ( I 'jtib) 
Bainbridge (1963a, b) 
B«geituiui aad libby (1957) 
DoddaserdL (1957) 
Gleui(l997) 
MaftaU(1961) 
MuuMi and Beeifaer (1967) 
OiaiBd«idltlaiid(l967) 
Roetter and Ifwukii (19d7) 

United NationsScientincCommitueentlwEfreclSof 

Atomic Radiation (1966) 
Bien and Sueu(l967) 
Biea<reL (1963, 196S) 
BnMcker(i963) 
Brocdceteror. (1960) 
Broedcer and Rocoo (1963) 
Brocckci .ind Walton (1959) 
Burluif: and Garner (1959) 
Munmchand Roclhcr (1967) 
Ratter and Ferguson (1957) 

Rocther and Munnich (1967, penoaslcMnnarieatiofli) 
Tliommattcret (1965) 

ClnlUB»artierdL(19C4) 



Copyrighica r;ia;orial 
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Nuclide 
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Reference 



Nuclide 



••^Sc Perkins f/ fl/- (1966) 

^'Ci Chiknvirtirf 4ill (1M4) 

OilcrlMi|ef«i(]965) 

**lltt l olsomc/a/. (196J) 

Hood and Slowey (1964) 
SamvttoL (1965) 

^ ChakRwiicrdt (1964) 

••Zll C1iak.uvaili(7i?/ (1964) 

Pfrkm- 17 fl/, (1966) 

S'Ki Nelcpo (1960b) 

**St URUedNMiamSckntificConuiiittMaiitlieBfltettor 
Atomic lUdiition (1 966) 

Cigna rffl/. (1964) 
Miyake ar>d Supiura (1955) 



St Aaiktot (1963; 1968, penonalcooiflMUiication) 

Avkiof and Lippert (19«4i. b, «: 1965a, t, e: 1966t. 

Ise; 1967a. fc,<4 
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SUMMARY 

In this chap'tT '.v e have endeavored to bring together all 
luiown measurements of fallout radionuclides in seawater, 
with special emphute on '"Sr md ^^C», and to ditcuts a 
numhr?r nf important impiicatii tis nf tdcM- data. Addition- 
ally, an extensive bibliograpliy has been compiled, covering 
meaMrementa, analytical methodology, data reports, and 
applicable interpretive studies. 

By far the majot emphasis in seawater analysis has been 
on '^Sr and "^Ci. The ratio of i^Cs to *0Sr was lelatively 
constant regttdten of depth, time, or location of sample 
collection, avenfing about 1.5. Hence tor sunpticity in com- 
paring data, an >^Cs were converted to ^Sr by the fac- 
tor 0.67. 

This report summarizes the results of surface water 
analyses of 779 samples from the Atlantic Ocean, 1,181 
from the Pacific Ocean, 96 from the Indian Ocean, ;md 
543 from various seas. These results vk'crc reported by more 
than 20 different invettlgitors from 8 different countries. 
Tlie interlaboratory agreement on ''"Sr analyses, based on 
samples taken in reasonably close proximity, was found to 
be satisfactory. The nonuniformity of otnerved seasonal 
variations of '^Sr in fallout over the oceans iind also in sur- 
face water concentration, compared to the coiiuiiun sprmg 
peak on land, is not understood, and may reflect dlfTerenoes 
in the fallout mechanism. 

Depth profiles of '^^St concentration, down to 700 m in 
the Atlantic, gnneially show regnlar decreases, with vahies 
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in this stratum rarely falling beknr 10 petcent of the luifaoe 

value, and no significant trend with lime No correlation of 
these profiles with inleried ialloul rates to the surface can 
be discerned. In the Pacific, much greater geographic vari- 
ability is shown in the depth profiles; in the northwestern 
regions, the 700-in samples averaged about 35 percent of 
the surface concentration, while northeastern and California 
coastal profiles indicate much lower concentrations at depth. 

A consensus of opinion by the authors of this chapter 
could not be reached concerning interpretation of the deep 
water '"Sr concentration data and the lota! oceanic inven- 
tory. The conclusions drawn from these subjects have direct 
implications on the rate of mtaiing in the ocean, the age of 
deep water, and the global '°Sr budget. 

Trititim concentrations in the surface Pacitic Ocean 
peaked in 1 963 and have been decreasing staice. In the east- 
ern equatorial Atlantic, tlie tliermooline lippeuis to com- 
pletely insulate the deeper layeis trom tntium penetration; 
however, north of about 15", tritium was found at deptlisin 
excess ot' 2.000 m, with no systematic vertical discrepancy 
from ''*'Sr. Radiocarbon, studied in the northeastern Pacilic 
Ocean, indicates no penetration below 200 m and a very 
strong latitude dependence in surface water. Interesting sea- 
sonal pjltcrns ol •''C in surface water suggest .i relationship 
between weather and mixing. 

Studies of other artiHcial radionuclides in the sea have 
shown that the lanthanides, as well as zirconium and nio- 
bium, are largely associated with particles and exhibit gen- 
eraUy simifair profiles with depth, in spite of the probability 
thai (he fallout debris b initially in solution on entering the 
ocean. The relationship between these nuclides and their 
stable isotopes in the sea is complex and, in the main not 
well understood. 
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PHYSICAL PROCESSES 
OF WATER MOVEMENT 
AND MIXING * 
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INTRODUCTION 

Radioactive isotopes introduced into the ntarine environ- 
ment are subjected to tlie same physical, chemical, and bio- 
logical ptoue^ses that affect nonradioactive isotopes in the 
same physical state. Tbe additionai factw influenciag the 
distribution of an Introduced radionuclide Is radioactive 
decay. For very short-life isotopes, radioactive decay influ- 
eoces distribution at all scales of space and lime. For inter- 
mediate-life isotopes, decay is unhnportant for space and 
lime sc;i]es below some critical values and becomes increas- 
ingly important for space and time scales larger than these 
critical values. For long-Ufe iiotopei, decay iDfluences the 
distribution in the ocean Only for relatively large time and 
space scales. 

The fate of a radioactive substance introduced into the 

ocean depends on the physical and chettiic il ^tate of the 
substance, the manner of introduction, and the Lucatrun of 
bitrediiction. 

This chapter considers the physical processes that advect 
the introduced material away from the source and those 

'Cpotiibution Mo. 153 or the awsapealie Bay Insdint*, The Johns 
Huiikiitt Univanity. TUs ehtpter tepieMiBts in part woric canied «it 

by the Johns Hopkins Unviersity tinder contract with the U.S. 
Atomic Energy Commission, and in part work carried out by Texaa 
A&M t'nivcr^ity under conliact u-ith the Office of Naval KescaiCll, 
Thii dupicr represents the Joint effort of the listed authors. 
D. W. Micfeaid ssivtd as dialmian or the ponp. 
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that disperse the material by nonadvective mechanisms. 
Motion in the ocean can be regarded as a l mtuui ous spe» 
tnim encompassing scnles i«aging from tliat of the molecu- 
lar free path up to tiiat of tite ocetn-wide circulation. For 
that part of the motion assigned to advective processes, the 
spatial and temporal distribution of the velocity fteld must 
be known: for tiiat part of the motion assigned to the non- 
advective, or diffusive processes, only certain statistical 
properties are requited. The division between advective and 
nonadvective motion depends upon how much detail, in 
time and space, we require in our effort to determine the 
distribution of tbe concentration of a constituent of sea- 
water or of an introdaoed material such as radioactive 
isotopes. 

The general concepts are most conveniently explained 
by describing the fate of radioactive mateiialt introduced 

into the sea hy several different methods and under several 
different conditions of physicochemical state. TIk situation 
most amenable to description is that In which the raifioae- 

tive substance is introduced as a local source over a short 
period of time and in a chemical and physical state such 
that complete and taunedlate solution in the reeeMng wa- 
ters takes place. Further, the mass of introduced material is 
taken to be sufficiently small that no significant difference 
in density exists between the biitlal contaminated vdume 

and the surrounding receiving waters From a practical 
sUndpoinl, the introduction of the contaminant will result 
In some initial mechanical dttution. The initial oontanitnated 
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volume resulting froiQ thil mcclufiicd mixing is termed die 

iaitiai cloud. 

Hie local current pattern wfll advect the contaniinited 

cloud away from the point of introduction, and the small- 
scale turbulent motion will produce diffusion of the cloud, 
causing it to grow in ▼ohime and the concentrations tirithin 
it to decrease. As the cloud increases in size, the scale of 
motion producing an advection of the cloud as a whole in- 
ciease*. ai does the upper Ifanlt of the scales of motion that 
produce dirfusion of the cloud. If our interest centers only 
on certain statistical properties of the spreading cloud, we 
may oonaider them with respect to scdes of motion: eddies 

laigpr tfian the cloud produce an advection of the cloud as 3 
whoh, while eddies smaller than the cloud produce internal 
riieaiing and stirring, whidi togtttier with praoesaes produc- 
ing uniformity are described mathematically under the 
general term "turbulent diffusion." In such an approach 
the eiwrgjr amUaMe for difAuion is consideied to increase 
in proportion to some measure of the size of the cloud, 
tliouglt the relationship may not be linear. This maruier of 
treating the problem permits us to describe the time varia* 
tion in the average root mean square spread of the cloud 
and the tunc-ratc ol decrease in peak, concentration. With 
an adequate mathematical model, the area contained witiiin 
the variou*. i*;olines orciuK-cntraiion is also determined. 
However, ihe shapes of the cloud and ol individual isolines 
of concentration are not described by this approach. 

The above discussion deals primarily with the horizontal 
spread of the cloud. It is tacitly assumed that the cloud is 
bounded vertically either by the surface and bottom, by the 
surface and a boundary of large vertical stability (such as the 
thermocline), or by an upper and lower boundary of hi^ 
stability If the vertical density structure permits signiflcant 
vertical fltixes to taite place, then the spread and the coiKen- 
t ration <flstribution within the doud mill be influenced by 
processes of vertical advection and diffusion. Scale svill be 
less important in regard to the vertical processes than to the 
borisontal processes. 

If we desire greater information about the moving and 
dispersing cloud, such as the general shape of the cloud and 
of die taidhridual isolines of concentration and the probable 
positions of the points of maximum concentration and of 
the center of mass of the cloud (these may not be at the 
same position), then we need to look at the field of motion 
in groaU-T detail. Eddies mjch larger than the cloud are then 
con»deied to be responsible for the advection of the cloud 
as a whole, and eddies much smaller than the doud produce 

dispersion by turbulent diffusion However, eddies approxi- 
mately the same size as the cloud sigmficantly influence the 
dupe of dw dood and eonttibute to the disperrioo at wall. 
Essentially, eddies about the same size as the cloud produce 
shear, or spatial variation in the velocity field. The shear in 
the velocity Add will tend to advect om part of the doud 
ftatei than another, producing an dongyted, aomawhat 



elliptical shape Shears in both the horizontal and vertical 
planes are effective in producing this elongation, but the 
process is most easily envisioned by considering vertical 
shear. Consider the cloud as initially shaped iil<e a vertical 
cylinder. The vertical shear in the horizontal current pattern 
wiU produce a tilting of the cylinder, as the upper portion is 
moving at a different speed than the lower portion. Large 
vertical-concentration gradients are therefore produced by 
this diearing advective motion, which, when acted on by 
vor'ical diffusion, produces an elongated cloud in the hori- 
zontal plane with the axis of elongation in the direction of 
thediear. 

.'Xs the patch grows in size, changes occur in the portion 
of the spectrum of motion that contributes to the diffusion 
process, the portion that prodtioes the diear effects, and the 
porlior' mlvccts the cloud as a whole, with the bound- 
aries between iliesc various portions of tlie spectrum always 
movtaig toward Urger scale. Consequendy. any model In- 
tended to describe the changing shape and concentration 
distribution for any considerable length of time must take 
into account the dianges in the scsles of die motion con- 
tributing to the various aspects of the fflowement and mix- 
ing of the cuiuainiaated cloud. 

If the material is introduced as a suspension of smaD par- 
ticles rather than in solution, the same processes of move- 
ment and mixing will still act to advect and disperse the 
initial cloud. However, there will also be a motion of the 
individual particles due to their settling velocity. A mathe- 
matical model of the process would therefore include an 
added term to account for this added vertical flux. 

If the material is introduced into the marine environment 
in a solution having signiricanily different density than the 
receiving waters, then the early fate of the radioactive ma- 
tnrial may be influenced to a considerable degree by the 
manner of introduction. If the biitld sohition is less dense 

than the receiving waters and the introduction is made at 
some depth beloiy the surface, then the cloud will ascend as 
a result of die buoyant forces. As the doud ascends. It will 
mechanically entrain diluting water from the environment, 
thus providing for an initial mechanical decrease in concen- 
tration and also for a reduction in the difference in density 

between the cloud and the receiving waters. If the point of 
introduction is deep enough, and if a vertical gradient in 
density occurs in the recehring waters, then the cloud wfll 
ultimately entrain sufficient water to bring it to the density 
of the surrounding water and will cease to rise. At this point 
the physical processes discussed above begbi to act on the 
cloud. If the cloud reaches the surface with a significant 
density difference remaining, the processes of further dilu- 
tion by turbulent mbcing are smiewhat inhibited. 

If the cloud is initially denser than the receiving waters, it 
will slide, entraining diluting water enroute. A sequence of 
evenu similar to that desoibed above for the ascending 
doud of lower denal^ wiO dien occur. 
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If the radioactive material is introduced as a large planar 

sotirce. sufh as fallout on the surface of the ocean, then our 
concern with &cale depends only on how detailed a descrip- 
tion we widi of the aubaequent fate due to phjnical pro- 
cesses The physK-a! pf Kesses that are most important in 
deicrniining the time history oi the spatial distribution of 
the radioactive material introduced into the sea as a planar 
source at the sea surface are vertical diffusion; vertical ad- 
veclion, and sinivuig ai source regions tor intermediate and 
deep water and subsequent horizontal movement of the 
radioactive materials within the intermediate and deep water 
masses. 

Hence, the large-scale ocean-wide circulation patterns, 
particularly those involving vertical motion, as distinguished 
from small-scale turbulent-diffusion processes, must play a 
major role in the long-term distribution of the introduced 
radioactive materials. In the eaity period after initiation of 
introduction, the vertteal ^Sstribution at a given location 
will most likely depend primarily upon the vertical pro- 
cesses of turbulent diffusion and vertical advection. The 
length of time covered by this early period, Airing v^di 
the local vertical processes are of prime importance. Is Ukdy 
to be several decades. 

In the remainder of this chapter, the physical processes 
briefly mentioned above are described in greater detail. In 
addition to discussions of the general ocean-wide circula- 
tion, turbulent diffusion procesws, and the special features 
of iiiiliore and estuarine environments, one part of the chap 
ter is devoted to the oceanographic implications of (he ob- 
served diatributiats of natural tnoers and of fidloat-derlved 
radloaethre Isotopes. 



OCEAN CHARACTERISTICS AND 
CIRCULATION 

This discussion summarizes the essential features of the cir- 
culation of the oceans in relation to the aaaoclated dbtribu- 

lion of properties The density of seawater depends upon 
its temperature and salinity at a given pressure. In turn, 
througli the geoetrophic bahmce relatioo, the density governs 
in large mi-jsurc the rale of change of current velocity with 
depth, excluding hkman boundary layers (cf. Sverdiup 
et at.. 1942). The distribution of properties, on the other 
hand, is governed by currents and turbulent mixing pro- 
cesses. Accordmgly, one must have a icnowlcdgc ol both in 
order to achieve a proper understanding of either. 

Our knowledge of the distribution of properties in the 
sea is at present much more complete than our knowledge 
of ilscilCUlation, with the pu>sible exception of the surface 
currents. However, there have been particularly signiflcant 
advances duruig the past 16 years in tlie development and 
application of methods for meauiiag die elusive inteime- 



diile and deep cunents (Swallow, 195S;V«lkmannerflf., 

I956;Knauss. I960; Metcalfe/ 1<'6? Richardson 
1963; Webster, 1963; Richardstin and bchmiiz, 1965; 
Pochapaky, 1966;Koleanikov«raf., 1966:Maloney, 1967). 

Direct meaMirernents in deep water are still sparse, hu' those 
available seem to support qualitative deductions based upon 
theory (Stommel, 1957; Stommel and Arons, 1960a. 1960b). 
The latter studies, and those of Lincykin ( 1955) and 
Kobiiisuii and Stommel(1959), represent major advances 
in ou r understanding of the itynamics and HKimal convec- 
tion of the ocean. 

A reasonably up-to-date and comprehensive treatment 
of the subject is given in general lext.s on physical ooeanog* 
raphy, such as those of Defant (1961) and Neumann and 
PietMB (1966), as wcH asin moie spedaUud tntsauchai 
that of Stommel (1965). 



Property Statistics 

A very thorougli statistical treatment of the teiiiperatute 
and salinity of the oceans has been presented in a series of 
papers by Cochrane (1 9S8), PoUak (1958), and Montgomery 
(1958|. These workers have cxaniir.cJ rlic hivari.itc distribu- 
tions of potential temperature and salmity la the Faciflc, 
Indian, and Atlantic oceaiu, respectively. The potential tern- 
peratuie is ttie reniperatute that a seawater sample would 
have if it were brought adiabatically to the surface (atmo- 
^dietic pressure) without change of its salinity. It differs 
from the in situ temperature of the sample by not more 
than 13°C (cf. Sverdrup et al., 1942, p. 64). Salinity is es- 
sentially the total diiadwd salts (in grams) in I kg of sea- 
watt-i fi (■ mass fraction in parts per mille). 

A summary of some of these property statistics is given 
in Table I . The statistics for the potential specifle volume 

of seawater are given in the table, along with those of poten- 
tial temperature and salinity. The potential specific volume 
Is the specific vohime a sample would have if brouglit adia- 
batically to atmospheric pressure Tliesc values arc presented 
in the form of an anomaly (expressed in centiliters per 
metrk; ton) from the specific volmiie of seawater at die 
standard conditions of 0''C. 35 per mille, and I atm. This 
standard speciilc volume has the value 97,264 cl/ton 
(Sverdiup et «f., 1942). Thus, firom TaUe 1 It is seen that 
the mean specific volume of the world ocean is 97,320 
cl/ton (or 0.097320 cl, g). This specific volume, in turn, cor- 
responds to a density of 1 .027S38 g/inl (oT a density anom- 
aly from 1 p.' inl of 27.538 mgj'ml). 

Table 1 uidicatcs that 90 percent (by volume) of the 
water of the world ocean has potential temperatures lying 
in the range CO^C to 12.6°C, with a median value of 2.1°C 
and a mean value of 3.5 2°C (indicating a highly skewed dis- 
tribution). Moieover, SO percent of the worid ocean has 
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TAR[ F 1 Statistics ofPotential Temperature, Salinity, and FbtentidSpenficVolaineAiioiiiii^ for tlKPicifie, Indian and 

Atlantic Oceans and foi the World Ocean as a Whole' 



Ocean 



S% 



3$« 

(Lower Quaitile) 



50^- 

(Median) 



(Upper Quartik) 



95% 



Potential tempeianw.'C 
Pacific 3.36 
3.72 
3.73 

343 



0.8 
00 



1.3 

1.7 
IJ 



1.9 
1.9 
24 

2.1 



3.4 
4A 

3.9 

3J 



11.1 
1X7 
13.7 

12jS 



SaBalty.pM 



Atlantic 
Woild 



34j62 
34.7C 

34.90 

34.72 



34.37 
34w44 
3441 

34.33 



34.57 
34.66 

34.71 

34.61 



34.65 
34.73 

34.90 

34.69 



34.70 
34.79 

34.97 

34.79 



34.79 

35.19 

35.73 

35.10 



Potentiai wedfi&mlwina awalif. d/ton 
I>idflc 62 22 

Indian $6 21 

Atlantic 45 8 



World 



56 



20 



31 
35 
23 



39 
31 
3S 



66 
«3 
46 

62 



163 
145 
137 

149 



'Reprinted with pcrmiuion from Monl(oni«ry, 19S8. 



potential temperatures in the narrow range of 1.3'C to 
J^^C (primarily associated with the deep water of the 
ooeans). The total range of oceanic temperature is from 
atKMit -i'C to 30°C (not indicated in the Ubie). The 90 
percent range for salinity in the world ocean is 34.33 to 
35.10 per mille. its extreme caqga b about 30.0 to 40.0 per 
milk, exduding estuarlei and lagooni but including the 
arctic seas and the Red Sea. 

The statistical and physical differences between the 
Atlantic, Pacific, and Inifian oceans are tmaO but significant. 
Mnn!gi)mcr\' (1958) points out that the joint statistical dis- 
tribution of potential temperature and salinity in the world 
ocean shows a dominant mode at 1 .S*C and 34.7 per mille, 
which he calls the "Common Water." This mode corresponds 
closely to the mode for the joint statistical distribution for 
the Pacific and Indian oceans individuatly. The Atlantic 
Ocean, on the other hand, has a dominant mode centered at 
a potential temperature of 2.2S°C and salinity of 34.95 per 
mille. Tiiis is primarily aaiociated witfi the North Atlantic 
Deep Water. A sccondar>' mode occurs at 0*0 and 34.65 
per mille for the South Atlantic and is associated with the 
Antarctic Bottom Water. The relative vohnncs of the Phdfic, 
Indian, and Atlantic oceans are, rcspectiwdy. S3.0, 21.2, 
and 25.8 percent of the wurlU ocean. 

Ninety percent of the water In the world ooean hat a 
range in pciential specific volume of only about 1 30 parts 
out of lU^. Nevertheless, such variations of specific volume 
are indeed important In ooRiputbig correnta related to the 
dbtributkm of mast. 



The ranges of temperature (in situ) and salinity for vari- 
ous water classes of the oceans are given in Table 2, acoofd* 
ingtoDefant (1961). The water classes referred to are 
delineated geographically in Figure 1 , and the temperature- 
salinity relations for these classes are shown graphically in 
Figure 2. The Common Water would be lepieaented by a 
point at the baae of the cuivas in Figure 2. 



Spatial Dbtribution of Propertits 

Typical vertical pnrfQes of temperature and salinity are 

shown in Figures 3 and 4, respectively, for ten different 
latitudes in the Atlantic Ocean. In the Arctic and Antarctic, 
the water column is nearly Isothermal and Isohallne below 
about 200 rn. The minimum surface temperature in these 
regions is controlled by the freezing point of seawater, 
which Is about -1 J^C at normal salinities (Sverdrup et d., 
1942). Surface salinities in the polar regions, particularly 
near the continents, vary considerably from summer to 
winter (being dependenttipon the amount of mdtwater). 

At n^d-latitudes and in the tropical belt, the temperature 
distributions are characterized by a nearly isothermal, sur- 
fke mixed layer (ranjfaig hi fliidcnen from 10to200m),a 

nearly isn!hermal abyadlC^on below the 1,000 m depth, 
with a transitional intermediate region of great stability (the 
thermocline). Below about SCO m, the field of temperilure 
diiows little aeasonal variation. 
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FIGURE 3 Vertical temperature diitrlbu- 
tlon at a wrtei of tuitont jilonj a meridian 
in tha Atlantic Ocaan. (Rapriiitacl witit pu^ 
Miiiion ftwm Dafiint. 1961.) 
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FIGURE 4 VarticalfilMtyairvatforB 
Hriai flf MaMairarMc flaCiom along a nw- 
ildlnnal Mction thramb ttw Atlantic (icn 
laiand of F{|w« 3); carratpondinf vaiticai 
tmparaturc curves are shown In Figure 3. 
(Raprinted with parmiuton from Defant, 
1961.) 
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Hie laUnity prafilei at middle and tropical latitudes riiow 

more complicated structure ahove 1 .500 m. A dominant 
feature in the South Atlantic is tiie salinity minimum at 
depths between 800 end 1 ,200 m , which has its crigin in the 

Antarctic Convergence zone, at about 50°S. 

Figures 5 and o :>how vertical cross-sections of tempera- 
ture, salinity, and dissolved oxygen (in units of ml per liter) 
for the Atlantic and Pacific, respectively. These cross-sections 
extend from the Antarctic continent (on the left) nearly to 
the Arctic Circle. Figure 5, for the Atlantic, shows very 
clearty tlie nortliwafd intrusion of Antarctic intermediate 
witer, with its coK at a depth of roughly 1.000 m; this 
water is characterized by its relatively low temperature, low 
lelini^, and hiih dissolved cu^gen content. The appennt 
source of tMs water is at the sarfece near 5(fS (ttie Antaro* 
tic Convergence zone). The oxygen section for the Atlantic 
shows a southward intrusion of high oxygen content with a 
ooie at alMut 3,O0O4n depth, which las its source in the 
North Atlantic between 50° an J 60°N Svcrdrup el al. 
(1942) give evidence for a region of wuiter sinking in an area 
just south of Ckeeidand (the limlnger Sea), iriiieh they pro- 
posed as a piinuuy sooice of deqp water in the North Atlan- 



tic. Figure 6, for the Pacific, does not taidicate any similar 

source region 

The temperature sections ior butli the Ailauuc ar^d Paci- 
fic augieat anOfttiward intrusion, at the bottom, of cold 
water that apparently originates at the surface near the Ant- 
arctic comment with the onset of freezing during the :>ouiti- 
ern winter. The northward intnaloo of the Antarctic bottom 
water into the Atlantic is shown very clearly in a chart of 
temperature at 4,(XXI m. presented in a paper by Stommel 
(19SS). 

Figure 7 is a cross-section of density for the Atlantic 
Ocean. The values indicated on the contours represent den- 
sity anomaly (in mg/ml), neglecting the influence of pics> 
sure. The value 27.0 conc^Hmds to 1 .0270 g/ml for a 
sample at I atm but at the in situ temperature and salinity. 
Except at great Jcpth, the values of the density anomaly 
nuut increase with depth for gravitational stability of the 
water column. Hence, there is a noticeable absence of core 
structure, such as that indicated in the diagrams of Figure 5. 
The most stable water is located near the equator; tlie least 
staHe water is in the northern Mtudet, ptrticulaily duiing 
the whiter season for the he mi spheie ooooemed. Cleaily, it 
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FIGURE C Vertical sections sho v. i n it d i s 
tribution of temperature, salinity, and oxy- 
gen in the Pacific Ocean, approximately 
along 1 70° W. (Reprinted with permttfton 
tnm S/m^npetaf., 1942.) 





FIGURE 7 Vertical tfemhy teaion along the western trough of the Atlantic, corresponding to t e wper a ture-ealinltY wctione of Figure S. 
(Reprinted with permMom Irani Oeftm. 1MI.) 
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» in the latter regioiu that excess cooling can result in verti- 
od coiivectign and provide the source for the deep and bot- 
tom water renewal. Complete renewal of the Common Water 
has been eslinuied by Bolin and Stommel (1961) to require 
on the 3vcr3gc about 1 ,200yeai$. This can be coflnpaied to 
MonttoiiK-ry s ( 1959) estimate of lOyears for the residence 
time of the surface mixed layers of the world ocean and to 
Bolin and Stonunel's estimate of fr<»n 100 to 400 years 
residence time for the Aflantic Intermediate Water. 

I'oi more Jciailcd information about the distribution of 
prupertiei, the reader may consult the worlis of Wust (193S, 
1949). Defant (1961), Puglister (1960, 1963). Reid ( I96S). 
and others Tlie paper by Reid presents a veiy complete and 
up-lo-date analysis of the properties of the Pacific Ocean. 



Surface and Near-Surface Currents 

Figure 8 shows tlw general features of the mean surface cur- 
rent petlem of the world ocean. More detailed charts diow- 

log magnitudes are published by the U.S. Navy Occano- 
ftaphte Office. Although such currents as the Gulf Stream 
and Kuroihlo are semipernnment. tfiey change in strength 
and . I in'-igmaiion from month to month (cf. Stommel. 
1957. Warren, 1963, Fuglister, 1963). The most strilung, but 
perhaps leaat studied, variable current regime it that of the 
norThrrn and equatorial part of the Indian Ocean, the varia- 
tions being strongly coupled with the pronounced seasonal 
changes of dw wind pattern (monsoons). 

Magnitudes of the quasipermanent currents (i.e.. non- 
Udai currents) general^ do not exceed about 250 cnVsec 
(S knots). Values of tMs nrapritude hive been reported for 
the core of the Gulf Stream and Florida Current. More fre- 
quently, the stronger of the major current systems at the 
surface flow at less than 200 cm/sec. However, the lateral 
width of strong currents like the Gulf Stream is generally 
less than 100 km (the distance over which speeds exceed 
10 percent of the core stienglh). Consequently, hi the mi^r 
area of the ocean surface, away from these "rivers of the 
sea," one finds typical speeds of 0 to 30 cm/sec, values that 
are comparable to the magnitude of tidal eunents in the 
open sea. 

The depth of the northward llowmg Gulf Stream is about 
1,000 to 1.SO0 m. dependmg upon location, and its speed 
decreases with increasing depth (Stommel, l'^57) This is in 
marked contrast to the depth of the major equatorial cur- 
rent systems (less than about SOOm). Indeed, the surface 
Equatorial Current, which flows toward the west in all 
three oceans, is now known to be a superficial fcaluic. lim- 
ited to perhaps a few decameten m depth, liidden beneath 
this surface current, in all three oceans, lies the major, jet- 
like Equatorial Undercurrent, with speed^i up to 150 cm/sec 
ui its cove and extending to depths of 400 to 500 m (cf. 



Knauss, I960; Knauss and Taft. 1964; Metcalf era/., 1962; 
iCnauas, i966iCocluine, 1963;SUlcup andMetcaif, 1966). 
The Equatorial Undercurrent of the Pacific has its core 

at the equator and is confined to the narrow band between 
about 1°N and i'S. It has been traced as a well-defined sub* 
surface stream from the Gilbert Islands, at 174*E. to the 

Galapagos Islands, at 92''W'. Tlic total transport has been 
estimated to be about 40 million m^/sec (greater than that 
of the Florida Current, which is 26 million m'/iee).* 

The volume transports in the upper 1 .000 m of the North 
Atlantic as estimated by Sverdrup et ai. (1942) are indicated 
in Figure 9. The values for the Gulf Stream are now known 
to be somewhat low, the maximum transport off Cape Hat- 
teras being closer to 80 sv than to 55 sv. Moreover, the 
amount of water sinking fai the Subarctic Convergence region 
near Greenland has been estimated bySlonunc' .m l Arons 
(1960b) to be more nearly 20 sv instead or4 sv. Ihe latter 
value is only a rough esthnate. Observational evidence for 
deep currents certainly supports the idea that Sverdmp's 
initial estimate of 4 sv for the North Atlantic rate of supply 
to the deep water is too small. If this is true, then the com- 

pens:!ttoii:il fjnv niiril;'.'.';',rd :i..toss the equator from the 
South Atlantic must be proportionately greater than indi- 
cated in Figure 9. Nevertheless, the figure does display 13m 

major qualitative features of the flow in the upper 1 .000 m. 

The Antarctic Circumpolar Current is unique in tliat it 
represents the only current system on earth that is nearly a 
continuous zonal current circling the entire g\ohc Tins sys- 
tem is much deeper than 1,000 m, except in the region of 
the Drake Passage, between South America and the Antarc- 
tic continent Its average total transport has been estimated 
to be in excess of 100 sv (Sverdrup e/ a/.. 1942). However, 
iMt figure is quite uncertahi fat the ligfit of arguments ad- 
vanced by Stommel and Arons (1 960b). In any event, the 
qualitative features of the flow as presented by Sverdrup 
(Figure 10) ate piobeUy valid. 



Intermediate and Deep Grcutation 

The currents at a depth of 800 m as estimated from the 
field of density, using the geostrophic balance relation, are 
shown for tlie Atlantic Ocean in Figure 1 1 . These estimaies 
are based on a level of no motion, which is taken to be con- 
sistent with the spreading of the Antarctic Intermediate 
Water. Figure 1 1 indicates current directions substantially 
similar to those of the surface flow, except off the coast of 
Argentina. The speeds are generally less than 30 cm/sec. 

•For convenience in dcalinjt witli volume tranipoits by iuiioit^, we 
will define a Irantporl of I milli.Mi m ' ^ec us j sverJrup ( abbrevuied 
sv). For example, the avenge volumetiic rate of exchange of water 
bMWMn Om tMUMUuuB Sia and the Atlaatie Is about 1.7 sr. 
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FIGURE 9 Tnntport of Central Water and 
Subarctic Water in the Atlantic Ocean. The 
lines with arrows indicate the direction of 
the transport, and the interied numbert tn- 
dicatt the traniportad volumas in millions 
of cubic NMMn par mcoihL Full- drawn lines 



Aran of iMiitlva tampantur* 
arailiBdad. (Reprintad with pai 
flroffl Svardrup eiat.,% 942.) 




Defant (1961) alto estinwted the currents at 2,000-m 

depth ill the Atlantic based on the same reference Ic .-.I The 
renilting picture of flow at this depth, as shown in Figure 
12, is in ttriking contfast to those of flow at the wrfaoe 
(F^re 8) and at a depth of 800 m (F igure II). particularly 
bi the North Atlaatic. At 2,000 m, a southward flow exists 
beneath the Gulf Stieim and abo alonf the coaat of South 



America to 25'S, and cunent speeds are generally leas than 

20 cm/sec. 

Although some question exists concerning Defant's selec- 
tion of a spatially variable level of no motion, the fact re- 
mains that his picture of How iSStddngly similar to that 
predicted by Stommel and Arons (1960a, b), based on theo- 
letkal groundL (We wiD cetum to this pouit later.) Piuther 
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100* 5o^ 60* 40* 20* 0* 20* 40* 



— a-«emAw 

• — 800a. ^w«-»cmAM M»IZ-IBcm4m ^« >24ciiiAm 

FIGURE 1 1 Currant fUU at ■ *plh of MO m, cnmyHtMi from 
the abMlute topflfnphy sT the MMMedbv awfaM. (Raprinud 
with pMMiiiilM from Dafknt, 1961.) 

support for the southward set of the deep cunents along 

the western hoiindan,' of the North Atlantic is provided by 
the direct observations of Swallow and Worthington ( 1 96 1 J, 
Volkinann ( 1 962), and others. Table 3 is a reproduction of 
the results of deep current measurements in the region at or 
neai 3i"N, TS^W made by Swallow and Worthington with 
neutral^ buoyant floats. Tlie mean current indicated by 
these measurements, for the layer between 1,500 and 
3,000 m, is about s cm/sec in a compass direction of 210". 
Since the combined duration of these measurements is about 
27 days, the tidal "noise" is essentially eliminated. HoW' 
ever, the variability from one measuiement to another is 
still oomiderable (a range of 18 cm/sec). Stommel (I%3) 
and Longuet-Higgins (1965) have sunested that such vari- 
ability might be altribated to planetuy wave noise asso- 
ciated with the inherent variability of the atmospheric 
driving processes (primarily the stress of the winds). 

Some notion of the three-dimensional structure of circu* 
lltioa in the Atlantic Ocean is provided in a schematic dia- 
ftim constructed by Wust (1949), which is reproduced in 
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FIGURE 12 CUnMKfMd«adapth«f2/)00«tCom|MtMlflrom 
the ahiotate topeiraffliy ef tlie 2,000^nar mmtm. (RaprintMi 
wMi ptr mtii low ftmn Dafkm, 1961 .) 

Figure 13. (Note that this flgMK shows north latitudes on 
the !e f 1 and south on the li^t, in coatiaal to previous 

figures.) 



Theoretical Aspects 

In the central oceanic ref^me at mid-latitudes, away from the 

equator and the intense western boundar.' currents, the flow 
is characterized by very small Rossby number and small 
Rayiudds mimber (based on Hw horizontal ed^jr viscosity).* 

RoMby luiaiber b fhiU speed dMM by t cluaeiHisiic vsloo* 
tty assedalad with tlM earth's routkm, wtaicb may be taken as rf 
where r to the mean ndhu of the earth snd / is the local vertical 

component of the earth's vorticiiv i( li ili^ meter). Specifi- 
cany./'= 2n sin where U is the cjrih < jii^ular speej and #is the 

l.illlijcl.- 

The Reynolds numbei ii ^'flUff, when is the fluid speed and 
is the horizontal eddy vfieoslly assedalad with tatetal turbulent 
mixing processes. 



Copyrighted material 



Phy^c^ Pneesaes of tlMerMevamntmd Mixing 103 

TABLE 3 Summary of Deep Current Meuucements with Neutrally Buoyant Floats. March-April 1957, near Ji^N, TS^W 









UttFix 




Mean ObMiv«d Depth t SO 


MamValoclwtSD 




Float 


Time 


Datt 


Tfnu 


Date 


(m) 






•t±sd 


B 


1000 


6 


0743 


11 


2.040 t 


70 


0.33 t O.ll 


108*18 


D 


17IS 


17 


071« 


22 


2JS0»t 


40 


4.27*0.21 

1.88 t 0.11 


201 1 1.4 

235 1 4 


E 


1S27 


20 


1717 


22 


MM t 


50 


6.4210.47 
6.50 a 0.29 


308* 4.7 
231a 13 


F 


09S4 


2} 


0733 


2S 


2.620* a 


80 


B>99*a53 


190* 2J 


G 


20S0 


23 


1032 


26 


2d600*i 


50 


44U0.26 
7.08 ± 0.44 


218 1 3.3 
203 * 2.3 


H 


0815 


36 


060S 


» 


2.910^1 


70 


18.36 a 0.38 


182 ± 1.0 


1 


0SS4 


26 


1040 


29 


2,760^ 1 190 


6.02 * 0.27 
12.62 ±0.39 


216 a L6 
1961 1.3 


J 


1110 


30 


1103 


2 


2.900*=^ * 120 


10.24 1 ais 
9^4310.33 


2041 1.7 
185111 


K 


11S6 


30 


093S 


31 


2,770" a 200 


1Z9S a 0J9 


207 1 5.2 



"U piKiici .V I I |>eriniMian from SwuOowaad WorUllllflOII, 1941. 
''Mean lot L). 1^ , and C = 3,580 m. 
'Mmb for H. and K - 2^40 m. 



It can be shown (Stommel, 1957) th;it under these condi- 
tions, the balance of torques on a tluid column extending 

turn levd z to the surface, under st«ady state conditions, Is 
giwii approximately by tiie lelatkw 

Here. x,y, and 2 repieaent local cartesiaii ooordiiiatet in the 

eastward, northward, and upward directions, respectively. 
The term /is the Coriolis parameter defmed in the footnote, 
and tfistiw derivative of /in they direction. The eastward 
and northward velocity components are denoted by u and 
V, and the vertical by w, at level z in equation (1). Finally, 

and Ty represent Hw eastward and northward components 
of wind stressat the surface (non-iinaHy at r = 0). It is as- 
sumed that the level z is taken below the depth of trictional 
influence (Elcman layer), which may extend to depths of 
about 1 00 or 200 m 

The physical interpretation of relation (1) is as follows: 
The term in parentheses is a wind stress torque per unit area; 
the term fw is the vorticity tendency term as<;oci.ited with 
stretching or shrinking of the water column; and the term 
on the left is the planetary vorticity tendency term, «4lich 
is associated with displacement of the water colutmi to a 
different latitude. If z is taken at the variable elevation of 
the seabed |z - -DOrj')] .tben/Wleads toa topognphkal 



influence that can be proQOunced near the continental 

slopes (Warren, 1963). 

In the central abyssal region, in which the .seabed is re- 
garded as horizontal, w must vanidi at the bottom and 
Eq.(l) reduces to 

for a column extending to the seabed. This is Sverdrup's 
approximation (1947J; from it, one can calculate the merid- 
ional volume transport resulting from the wind-stress field as 

derived from climatological information. Using the contl' 
nuity equation for the culurrm, 

0 0 
.1 f Mrfz + iL f wb , 0. (3) 

ajt J ay J 

-D 'D 

one can also evaluate the xonal component of vcriume trans- 
port, taking the latter as zero on the eastern boundary In 
order to satisfy continuity on the western boundary of the 
ocean, we require a narrow frictional or inertia! boundary 
current (Munk, 1950, Charney . 1955; Stommel, 1957|. In 
the western boundary current regime, either lateral friction 
or hieftial terms must be introduced into Eq. (2); indeed. 
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«0* «0« iO* 40» •0» «0* T0*» 



AD Antarctic Oivergcnc* 
sc SuMropical C«)«ir«MC« 
p Morfrent 

— Phytiffll tMiurfac* l«v«l 

— —---Boundary {~9'Cl betw««n warm 
woter and cold warer sphere 

• ■ • • Dynamical eferenc* level 
( laytr «f <ie motion ) 
Icoholinw 
Currsnli 

Vkriicot eo»v«ctie« 



>34.8 



<34 8S%« 



'^~ ~1 Cold w«t«r MpwOlHllQ 

Voloeitim in d«pNi:2,4,7. ■■ I7em/$«e 

(Geostrophic components) 

Eaogftrotion of depth: I300X 



KIGUKE 1< SchenuTic block-<iU|nMief theHirfeM 
(After Wusi, 1949, corrected.) 



■Ml ef tin dNp mm clicMlatleii ef the Atlmtf c 



theM effects dnmiiiate over (he wind tocque term in tlie 

boundary current regime 

Relations (2) and (3) are valid in the central oceanic re- 
gime only for the total column of fluid (and even dien only 

if the seabed is horizontal or if there is negligible motion at 
the bottom). TheM: leUlioiii tell autlung about the internal 
vertical dreulation or about differences of circulation in the 
upper and lower layers of the sea individually. 

In order to examine the transpurls iii a Ijyci lioni the 
surface to, say, 1,000-m depth (z = -1,000 m), one must use 
Eq ( I > with w evaluated at that depth. On the other hand, 
fur the layer from 1 ,000 m to the mean sea floor (-4,000 m), 
theidalion 



IjMW 

vdz 



\jvdx 

-MOO 



(4) 



IS employed such that the sum of Eqi. (1) and (4) is consis- 
tent with Eq. (2). Moiraover, the oootlnulty relation for the 
upper IjOOOmii 



3 " a " 

— I udz ^ — \ vds 
-14M0 -ijoeo 



vdz ^ w. 



(5) 
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PKUmEU Srtu wrtlc bttdrt gf tfiiiipw M b< te w tfw 1 jOO»m 
dapth kl vartsut portions of the world oceans. Numb«rs rtprMMt 
iniHpartstHHNttsof 10^ m^/xc (s«). (RcprinMd with permlMiofi 
from S t o w i iw l and Aram* 1960b.) 

The relations (1), (4), and (S) can be useful only if the 
vntkal velocity, can be detennined independently of 
4wK relationt. The ettimatioii of w for the stetdy state 
oceank oonveetlon regime has been examfned theoreticaUy 

by Robinson and Stommel ( 1 9S9) and later by Robinson 
and Welander (1963) and others. Robinson and Stommel 
found Hut a vertical (turbulent) exchange coefficient of 

about 0.7 cm^/sec leads to a realistic temperature profile 
for mid-latitude conditions. Moreover, tliey found an asso- 
ciated upward verticd velocity , ty pied of niiid4atitudes, of 

jhoat 10 '^ cm/st'L (ahimt ! crr. 'day). This upward motion 
u required in order to balance tiie downward diffusion of 
heat. 

In ;i later paper, by Stommel and Arons f I'^fiOb). the 
above ihermohaline theory is employed to estimate the 
total upward tnnsport from the deep water of the worid 
ocean to the upper 1,000 m of the ocean A value of about 
40 sv is obtained. This upward transport must be balanced 
by afaUciog in the deep and intermediate water source re- 
gions (in the North Atlantic and the Antarctic rcpiiui) They 
estimate that half of this sinking (20 sv) occurs ui the North 
Atlantic near Greenland. 

I'sing Eqs ( I ). (4). and (5) and an assumed unifoim up- 
wellmg rate through the permartent thermocline of the 
wodd ocean, Stoounel and Arena were aUe to obtain crude 
estimates of the deep-water transports within the westward 
boundary currents of the Atlantic, Indian, and Pacific 
oceans. WMi the exception of the Antarctic Cifcumpolar 

Current, they were also able to estimate the circulation 
within the deep water ol the North Atlantic, the South 
Atlantic, and other areas. The resultaaie liiown schemati- 
cally in Figure 14. The directions and amounts of the trans- 
port between various segments of the schematic deep ocean 




FIGURE 15 Streamlines for the total mast transport in i nnrthem 
hemri,ph«re ocean, In the vertical meridional plane, bated on iIk- 
iiiirTitTii..il rnndcl ol Bryan and Cox (1967): (a) no wind, lb| rrmd- 
crate zonal wind; and (c) ttrong zonal wind. (Reprinted with pcr- 
I aryui and Cox, 1 W7«) 



are indicated (R Heing an unknown deep-watCT ttimpoft 
•round the Antarctic contmeni). 

In the theory preaented by Stommel and Arona, it is im- 
plied that the major current in deep water occurs on the 
western boundary. However, it must be borne in mind tliat 
their liieofy deals with an ocean of uniform depth. In the 

Atlantic, the Mid-Atlantic Ridge represents a formidable 
barrier to the deep currents, and uidced the deep-watei tlow 
pattern obtained by Defant (Figure 1 2) shows a strong deep 

current with southward set just east of the Mid-Allantic 
Ridge. Defant s pattern is i>upported by a more recent analy- 
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sis by Lappo (1963) that makes use of diiect observations 

logcther with the uhserved density field 

Serious ettort^ liave recently been directed tuward the 
problem of luunericai modeling of the ocean eifciilation 
(Bryan, I963:Gormatyuk and Sarkisyan, 1965: Holiand. 
1966; Bryan and Cox, 1967), The most comprehensive ot' 
these modds is that ot Btyati and Cox. which employs the 
complete set i>r hydrodynamic equation-^ and the ihein:.! 
(lilTusiun-advectiuii cijuatum. They earned out a paiaineuit 
study of the numerical model for different Rossby numbers, 
Rev!i >!ds numbers, and relative wind strengths. The primary 
dciiiiciiLy ui then pieient model (presumably for the North 
Atlantic) is that there is no allowance for the important 
interchange with the southern oceans across the eciuator 
Figure 15 shows a plot of the steady-state, /oiiuliy jveuiged 
streamlines in a vertical section from lO^N to about oS^'N 
as calculated by Bryan and Cox. The strength of the vertical 
circulation is changed only sligliily by the wind; the govern- 
ing factor in controlling overturning is the impressed merid- 
ional temperature distribution at the sea surface. 

The tola] upward transport for the average of these re- 
sults Is about 38 sv. based on realistic conditions for the 
pirameteis at stipulated by Bryan and Cox. This is about 
twice the estimate of Stommel and Arons (1960b) for the 
North Atlantic and nearly the same as the estimated total 
upweUing for the world ocean as a whole. Apparently, the 
reason for this excess overturn rate is that although the 
model iscnrifitK'J in .i b.isiti wIium' M/e jiul muCuc lenipera- 
ture distribution are similar to those of liie North Atlantic, 
no allowance has been made for interchange with the re- 
maining 8,'9 of the world ocean. Accordingly, the estimated 
residence time in deep water of only about 100 years, im- 
plied by the Bryan and Cox model, is probably low by a 
factor nC nine 

Aside from tliis limitation of the present application of 
the model, the numerical technique does offer considerable 

poieiai.il with lespect to the ana^sis of the distribution of 
contamuiant introduced into the sea. 



continuous source. To understand these problems, we must 

acquire f iirH nrectsc knowledge 'f ilie physical processes of 
movemciU and dispersion of material due to oceanic cur- 
cents and turbulence rather than general knowledge of the 
overall rates of exchange, as in a "bo.\ model '" 

Movement and diffusion of a radioactive material re- 
leased into the sea may be classiOed, according to the con- 
ditions under which it is telea.sed. as follows: instantaneous 
source, continuous fixed source, or continuous moving 
aouroe.Theintensity of the continuous fixed and continu- 
ous moving sources may vary with time, and each may be 
regarded as either infinitesimal ot finite in size, depending 
upon the scale of diffusion. 

In the theory of diffusion or conduction in solids, the 
solution for an instantaneous point-source is regarded as 
fundainenial (Carslaw and Jaeger, 1959). Thus, by integrat- 
ing the fundamental solution with respect to time with an 
appropriate source intensity, we obtain the solution for the 
continuous fixed point-source. Dy integrating with respect 
to appropriate space variables, we obtain solutions for in- 
stantaneous finite-sb»d sources. Solutions of a large number 
of other important problems can be obtained immediately 
from Hie fundamental solution. Such a fundamental solu- 
tion, in a rigorous sense, does not exist for the (UfTusion 
problem for a turbulent field: knowledge of the concentra- 
tion distribution for an instantaneous point-source is not 
sufficient to obtain the distribution of substance from a 
continuous point-source fixed in a turbulent tleld. In diffu- 
sion of the continuous point-source type, we must not only 
take into consideration diffusion relatWe to the centers of 
mass of individual elcineiiiary patches,* but wc nuisi also 
considet variabilities in the location of tliese centers of mass. 

in practical problems, however, we may approximate, in 
our calculations, (ho concentration fr>Mii a coniimious lived 
point-source simply by superimposing an infinite number of 
diffusing patches from an instantaneous source, all of which 
are assumed to move at a single mean velocl^. More will be 
said about tiiis approach later. 



MIXING PROCESSES IN THE MARINE 
ENVIRONMENT 

in addition to local, continuous, extremely low-level 

sources, such as the processed liquid effluent from a shore- 
based nuclear installation, artificially produced radioactivity 
ra^t also be introduced into the sea throu^ local instan- 
taneous release such as might result from an accident to a 
seaborne or airborne nuclear power source, for example. In 
such releases, fairly local problems will be important, such 
as Ihf maximum concentration in a patch of radioactivity 
alter a known interval of time, or the concentration along 
the centeriine of a plume of radioactivity released from a 



Instantaneous Releases 

The horizontal scale of turbulence in the sea is usually so 
much greater than the vertical scale that, for many purposes, 

their effects on diffusion can be considered separately 
Hevelle et at. (1956) cited an example of diffusion of radio- 
active material releaaed belovs the thermodtne; the material 
spread over an area of 100 km^ while its vertical extent did 
not exceed 1 m. Similarly, t-olsom and Vine (1957) de- 
scribed the horizontal spread of radioactive tracer over an 

'Which may be comideicd as being of the insliuilaneuus poinl-sourcc 
type. 
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aiea of 40.000 km' in40days whileit mmaiiMdiiiftauHaoe 
layer lest than 60 m deep. 

lliese experimental facts seem to indicate that the hori- 
zontal components of oceanic turbulence play an esKntial 
role in fhe horizontal spread of material Introduced into i9ie 
marine environment. A method of approach to the oceanic 
diffusioa problem suggested by this nndingbas been used 
by various bivestiptors. In this approadi we first assume 
that the substance is subject to horizontal diffusion within 
a sufflckntiy thin homogeneous layer that all vertical varia* 
dons in concentration may be Ignored. We fbrther atmme 
that it is possible to Jcscribc the distribution, after some 
time hai elapsed, with lines of equal concentration. In other 
words, we treat flie problem as if the diffusion took piwe 
on a purely two-dimensional horizontal plane and was due 
to horizontal isotropic turbulence. The study of horizontal 
diflhuion using tUt approach hu permitCed prediction, with 
some success, of the spread of introduced substance (Joaeph 
andSendner. 1958, 1962;Ozmidov. 19S8.0kubo, 1962a). 

The importance of vertical dUAuloo, however, niieo 
combined with vertical shear in a mean flow, should not be 
underestimated even though the diffusing material it prac- 
tically confbied within a veiy thin layer. As a matter of fact, 
another approach based on the interaction of a shearing cur- 
rent with transverse mixing does give rise to horizontal dif- 
fusion at a scale comparable to that of the purely horizontal 
spread due to horizontal eddies (Bowles ct a! . 1 958; 
Bowden. 196S; Okubo. 1966; Pritchard et al., 1 966). 
Praaitnabbr, both ^ptonebaa an partialbr correct; mch 
supplements die other. We dull diaeust the two approaches 
separately. 



RADIALLY SYMMETRICAL SOLUTIONS OF HORIZONTAL 
DIFFUSION DUE TO HORIZONTAL TURBULENCE 

The following discussion considers primarily the two> 
dimensional horizontal diffusion of a radioactive substance 
introduced instantaneously at a point in the sea. The motion 
of a patch of diffusing radioactive material is a sort of irregu- 
lar spreading superimposed on an overall wandering of its 
center of mass. The wandering motion is attribu ted to the 
combined motion of tai|[e-scale currents (sec previous sec- 
tion). On the other hand, the spreading of the patch is con- 
trolled diiefly by eddies whose size is comparable to or 
smaller than that of the patch. We are Inteiesied matady in 
discussing the disi ribution of tadioaetive material about the 
moving center of mass. 

At any time after release, the shape of the isolines of any 
concentration will bo ver\' irrcc.il.ir (Figure 16); the patch 
of radioactivity will usually be elongated in one direction or 
anotiwr. In the discusrion that follows, we shall vtiualize an 
infmite number of releases under identical ocemOgraphiiC 
conditions, using for each the same amount of radloactiM 
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FIGURE 1 6 Fatt«rm of 4y« pouh on a Iwriioiiul plan*. ( R«- 
printad with psr mlsi te w fnm |oiapb«ra/., 1M4.) 

material. The centers of mass of the different patches will 
have different histories owing to the nonstationaiy and non- 
homogeneous character of the large eddies. However, as far 
as the relative distribution of substance with respect to the 
center of mass is ooocemed, certain statistical properties of 
mdividual patches may be almost equbaleot from one patch 
to another since the smaller eddies responsible for the rela- 
tive diffusion are supposed to be stationary and homogene- 
ous (and probably even isotropic) in a horizontal plane. Thus, 
if we take an infinite number of distributions, each obserwd 
after the same time interval following release, and if we 
superpose them In such a way that the centers of mass coin- 
cide with each other, and if we average all of the superposed 
distributions, we would then expect a radially qrmmetrical 
distribution of substance about tiie center of mass, which at 
the same time would be the point of maximum concenlra- 
tion, provided that the mean flow pattern is isotropic. In 
other words, the mean concentration is a function only of 
the diffusion time. /, and the distance, r. from the center of 
mass. The very irregular distribution of concentration in the 
individual releaae can be regarded, so far as the rate of dis- 
perdoa is concerned, as a particular leali/ation Uom the 
ensemble from which the averages are formed; thus, the area 
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enclosed by a line of comstint coneentratfani at a time, r, 
after release, would be nearly tiie <ame for all the identical 

releases. 

We dtall now discuss a possible form of tlw radially sym- 
metrical distribution. Assume that, with the passage of tinie, 
the pattern of concentration relative to the maximum con- 
centration at the center of mats remains relatively unchanged 

as the cluiraclcristic Icneth of dispersion grows and the pcalt 
concentration decieases. We may express this formally as 



where (t,o) represents the peak concentration at tlK 
center of mass of a radioactive patch, b{t) is the character!*' 

tic lcni:tl ' ( 'Uspersion, F is a decreasing function of the 
argument rjb, and the factor e~^' represents the decay of 
radioactivity. 

Since the total amount of radioactive material released 
over a period of time is conserved if radioactive decay is 
taken into account, we have 



S(r,r) e*^' iKfdr » MID, 



(7) 



where iif it the total amount of material released, say. so 

many curies, and D is the depth of water within which the 
radioactivity is assumed to be distributed unitormly. The 
substitution of Eq. (6) into Eq. (7) yields 



MID 



2ir4>»2(r) 



where 4> is a forra-conttant, its value dependent upon the 
pattern of concentration. 
Hence, we write 



(«) 



Other physical concepts must be introduced to determine 
the forms of F and 6. One possibility, a Markov-procesk 
hypothesis, leads to ailCxpWtential pattern for F. 

Thus fat, proposed sohitioiu that can properly descfibe 
oceanic horizontal diffusion arc mostly of an exponential 
type. They ate, apart from the decay factor: 



S, a 
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(Jonph and mx 
f. 1951) 



(Okubo and 
Pritcfaard. I960) 



|rr^«»/» 
4 



(Ozmklov. 1958) 
(OMdMV. I9S9) (12) 
(OimliQ. 1963a) (13) 



In particular, a Fickian solution is obtained when b = 4kt, 
where A is a diffusion constant; that is. 



St « — e-t**/***). 



(14) 



As is well known, Fickian diffusion fails in describing hori- 
zontal diffusion in the sea (Stommel, 1949). The Schonfeld 
sohition ( 1959) does not belong to an exponential ^pe; it is 
a special ease of the afanHMity solution, Eq. (SX whan b'ut 
and 



(15) 



Table 4 presents some theoretical results derived from 
proposed solulioas. They predict that the maximum concen- 
tration decreases as either r* or t-^ after the effect of radio- 
active decay is eliminated. Dye-ielease experiments reveal 
that the exponent off lies, in general, between -2 and -3 
(Okiibo inrOa) ;)tm1 sometimes varies even in the course Of 
diilusion (Fritchatd t'f al.. 1 %6). A sinular situation is 
found in the spatial distribution of concentntirm; any one 
of the proposed solutions is able to fit. to some extent, the 
observed distribution. Ail of the proposed solutions, except 
Scihdnfttd's, diow that the variance, Le., the mean square 
distances from r = 0, increase with time as either f* or 
The Schonfeld solution is the type of Cauchy's distribution 
for which no moment of positive order is finite (C ramer, 
1945). An ever-increasing power of dispersion is character- 
istic of the horizontal diffusion due to oceanic turbulence. 
For a Fickian diffusion, the variance is proportional to time 
SO that a constant coeflicient of diflusion may be defined. 
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PropMed 

— * — * 



Peak CoacntntioB, 



SpaiJal DistribttliOB, 

S>U.r) 
In 



Hattaontd Vaiiuee * 



JoMph and Sendnei 



2d» 



1 

- — f 



Okubo ind Piitchud 



1 



Otmldwv 



1 



1/3 



Okute 



3/4 v^^) 



4 



In 



Refer tn i uh i i i a b) for further refcrencei and details regarding ihcK tolutiona. 

'^Horiioni.ii <^ defined wtlwaM«aQmnd mliM of tlwlMflioataldlMMC* of 

caUy. ii is expieued by 



(noitc existent) 



tb* Mnifr of nuH. Mitbamitl- 



For oceanic diffusion, 00 the contrary, the variance incieaies 
faster than / ' , so that an apiMKnt coefficient of diffuaioo 
ineieiies with time or with die aole of difAuion, U^jg., 

the size of a diffusing patch of radioactivity. Roughly speak- 
ing, as the size of the patch increases over the course of 
time, iu diffusion will be more and more aulject to the 
large-scale eddies, which Loniain m<'rc cnergj' than the small 
eddies, and consequently, the rate ot dispersion will be ac- 
celerated. It can be shown that the law of the variance is 
equivalent to the law of an apparent coefncicnl of dif- 
fusion, where / represents the sculc of diffusion, say, the 
standard deviation associated with the distrihution. The 4/3 
law of diffusion was first proposed by Richardson ( 1 926) 
for atmospheric diffusion, and later by Stommel ( 1 949), 
Inoue(l9S0), Ichiye and Olson (1961). and others, for 
oceanic diffusion. On the other hand, the law of variance 
corresponds to the l^'^ law of an apparent coefficient of 



diffusion It goes without saying that the radioactive decay 
does not affect the variance of the concentration distribu- 
tion in a patch. 

nu" prtiposfd solutions can also be classified into cate- 
gories on itic basis of a characteristic parameter involved in 
the solution. One group contains a **diffusion velocity" as a 
parameter sol iit ions (<^> f ! 0) and (15)) , and the others 
are chaiacteiized by the rate of turbulent-energy- transfer 
(cm^/scc^). 

The basic concopi involved in the latter group of solu- 
tions IS that the eddies responsible foi the hofizontal spread 
of substance he in the "incrtial subrange" (KolmogonHf, 
1941 1 Tlicse eddies receive their energy from the larger 
eddies and pass it to smaller ones. No direct energy is sup- 
plied to those eddies from external sources, and the fMSgjf 
dissipation due to viscosity is not significant. Their proper* 
ties thus depend only on the rate of energy transfer, which 
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must be equal to the rate ofenergv dissipation if the energy 
of the eddies remams stationary. Under natural conditions, 
however, there is often the possibility of energy being added 
directly to such eddies by local storms, tidal currents, or, on 
a still smaller scale, by waves (Stommel, 1949; Ozmidov, 
196SJ.* These exciud eddies could not then be suicUy in 
the "inertUd subrange,** so results derived fmm that concept 
would not necessarily be applicable. Ozmidov (1965), never 
ttieless, suggests the existence of the Ujcal inertial subranges 
nptrated by two icalet of eddies where iafliix of external 

*Lon||t-teriii I u::i'-ii --um- iirfrriiTi : ■■ j; Jfp'li> jl 50 and 100 m south 
of Bermuda were made bf Day and Wclxstci (1965). Uiing the tcch- 
niquH of ipectn) anilysU, they obuined kinetic energy density 
ipectfB for cnnenti. The qiectn show donUiunt ipectial peaks cor- 
mpoBding 10 the load imrtal fiflad oa the lOtVm depth ipactrani 
and nearly lo (be loed inartU patlod on the SOmd depth tpcctrum. 
Both ipeetn alw diow • peak at aaro frequency or very bufe-scala 
eddies, and a bmadlow p«k oanland on the laniidiwnal tidal 
period. 



Ill 

energy talies place. This, in turn, suggests that solutions of 
the Ozmidov, Obukhov, and Okubo types may be used lo- 
c:i!l\' will) :■. diftVrcn! v.ihic {it" the rate of turbulent energy 
iransfei. As the scale of diffusion increases, the expected 
vahie of this parameter decreases, shice the local cuppHet of 
energy tend to be transferred from the hirger eddies to the 
smaller eddies (for some exceptional cases see Webster, 
1965). Table 5 suggests, as a matter of fact, that the esti- 
mated value of the rate of T'cn- 'ransfcr parameter de- 
creases as the scale ot dittusion increases. As a consequence, 
the results derived from these solutkNis would approadi, to 
some extent, those parameterized by a "diffusion velocity." 

The "diffusion velocity" model, on the other hand, is 
based on an intuitive concept that the rate of dispersion 
depends only on a "characteristic" velocity. Since the nee- 
unii. diffusion processes are a result of oceanic turbulence, 
a close connection between a "ittflvsloa velocity" and the 
intensity of turbulence, i.e., the root-mean-square value of 
the fluctuation in velocity of the ambient water, must exist. 
The estimated value of the diffusion velocity is of the order 
of I cm/sec. Joseph and Sendner (1962), using a few avail- 
able observations, presented a "difTusion-veloci^ spectrum*' 
that indicates a weak dependence of the difTtlsion wdoeity 
on the scale of diffusion. 

Constancy of each characteristic parameter would be 
desirable for the purpose of practical application of the pro- 
posed solutioiu to the horizontal diffusion of radioactivity 
from a source; actually, however, they vary with the inten- 
sity and structure of turbulence in the sea under considera- 
tion. A review paper by Bowden (1964) provides a general 
Idea of oceanic turbulence. 

In Figure 17 we plot iIr- ol^setvcd variance of the hori- 
zontal distribution from an instantaneous small source 
against the time since idease. A loiear fit to aO points gives 

o> . aOMX fiA (o: cm; r: sec). (16) 

An apparent eoeffkieiit of hoilzoatal diffusion may be de> 
fined by 

= oV4r. (17) 

Eliminating t from Eqs.(16)aBd(17), we obtain an empbi- 
cal relationship between the apparent coefficient of dif^- 
sion. K^. and Uie scale of diffusion, /, which is arbitrarily 
detined as three times the Standard deviatioo of the horizon- 
tal distributioo o. 

JC. - 0.0087 X/>^ (JT/ emVsec: h cm). (18) 

Representative values of and A'^ for various times and 
scales of diffusion are tabulated in Table 6. 
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TABLE 6 Representative Values of the Horuontal Variance, o^, and an Apparent Coefficient of Diffusion. 



Apparent CoefTicient 



Diffusion Time. 
/ 


Horizontal Variance. 
0^ (cm^) 


Standard Deviation, 
o 


Scale of Diffusion, 
/ = 3a (cm) 


of Diffusion, 
(cm'/iec) 


I hr 


4.7X10* 


22 m 


6.6x10^ 


3.3X102 


5 hi 


2.6X10* 


160 m 


4.8 X lO" 


3.7 X 10' 


10 hi 


1.5X10' 


380 m 


1.1 xlO* 


1.1 X 10* 


1 day 


1.3X10'" 


1.2 km 


3.6 X 10* 


3.9 X 10* 


10 days 


4.2X10'* 


20 km 


6.0x10* 


1.2X10* 


30 days 


6.5X10'^ 


SO km 


2.4x10'' 


6.0 X 10* 


SO days 


23X10'* 


ISO km 


4.5 X 10'' 


1.4 X lO' 


100 days 


1.3X10'* 


360 km 


1.1 X 10* 


3.9X10' 


365 days 


3.3X10" 


1.800 km 


5.4x10* 


2.7 X 10* 



FIGURE 18 Dye patch 1 hr, 27 min after release, August IS, 1962. Wind direction is indicated by smoke bomb on tea surface, far ri|ht. 
Arrow points north. 



SHEAR-DIFFUSION SOLUTIONS 

Many aerial photographs of dye patches from an instantane- 
ous source reveal that they are more or less elongated. Fig- 
ure 18 is a photograph of one of these elongated dye patches. 
The dye. introduced as a vertical line source, began to elon- 
gate after about an hour and a half roughly in the direction 
of the local wind. The research vessel is approximately 30 m 
long. The leading portion ("head") of the dye patch con- 
tained a higlier dye concentration than the trailing portion 
("tail"). Observations revealed that the head is at or near 
the surface while the tail is at a lower level, probably several 
meters down. From the leading edge toward the tail, the 
dye was located at successively deeper levels. It is evident 
that the apparent elongation of the dye patch is a result of 
the vertical sliear in the horizontal mean flow. 

A remarkable feature of the elongation is the clockwise 
curvature (when looking from the head toward the tail) of 
the tail. In almost all observations of elongation, the curva- 
ture, when present, was clockwise in the northern hemi- 



sphere; a few observations revealed anticlockwise curvature 
of dye patches in the southern hemisphere (Katz et al., 
1965, Ichiye, 1967). This suggests that the curved tail may 
be due to the effect of the vertically differential advection 
by the wind-driven Ekman current, which is represented as 
a spiral on a horizontal projection. Katz et al. ( 1 965) de- 
scribed schematically the development of the curvature by 
the Ekman flow (Figure 19). 

The elongation of a substance patch due to the differen- 
tial velocity in the mean flow gives rise to an effective dif- 
fusion when combined with transverse mixing due to small- 
scale random motions. Bowles et al. (1958), noticing the 
importance of this process in horizontal mixing, called it 
the "shear effect."* by which they meant the dislorlion of 
a vertical column of substance due to the variation of mean 

'This effect has been recognized by fluid dynamicists since <he be- 
ginning of this century. An analytical study of the shear effect on 
dispersion was rust made by Taylor (1953. 1954) fot the dispersion 
of solution through a tube and pipe, and also by Cotrstn ( 1 95 3) for 
an unbounded sheai flow. 
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FIGURE 19 An itelitHlmodil showing tht way a cUttkal 
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FIGURE 20 Longitudinal dispersion of a substance by th«' 
■ffcct." (a) Initial Candltton; (b) t - 0: (c) t ■ T; (d) t - 2T. 



velocity with depth combined with vertical loixiiic. How- 
ever, any gradient of mean velocity combined with turbu- 
lent mixing leads to an effective diffusiun. Thus, (he shear 
effect (in a broad sense) may be associated with tidal cur- 
lents, inertial currents, density currents, wind-driven cur- 
imts, and so on. 

A very simiile model provides a clue to understanding 
llw tfwtf efliNt (nigDR 20). Comidw « Aallo^ 
consiant deptti JST. Hie mean hoifatontal vdocily it aaRoned 



to vary linearly with depth only, its value is 2U at the sur- 
face and zero ai tiie bottom. The shear effect is simulated 
in such a wqr that for an intenral of tiow, T, shear alone acts 
to distort a patch of substance; then, vertical mixing occurs 
and instantaneously produces a uniform concentration 
thraugMit the depth, H. The process it lepeeted at anotfier 

intcr\-;i!, T. disfnTsinj'' the <;uhstnn(-o in the dirortion nf f'. 
Thus, after each uiterval '/ , a new ceil ot the length 2UI' is 
added to the substance patch. 

It C3n <;hown (01<ubo and Carter, 1966) that after a 
lime, nT = !. the diilribution of substance among the cells 
is rcprcscn'.cd by a binomial dittlillUtion with the variance 
n (UT)^ - IPT t. Since Tis a measure of the time required 
for a given bounded system to attain substantial vertical 
homogeneity of material, T must be of the order of fPInK^, 
where is the coefficient of vertical eddy diffusion, iience, 
the downstream variance is of the order of iPtPtlit^K,; a 
more elegant and exact derivation gives U^H^tiiOK, 
(Saffman. 1962). 

This simple model implies that horizontal diffusion can 
occur even without hodzoatal components of random move* 
mcnts of water. Furthermore, the value of the variance due 
to the shear-diffusion may well account for the scale of dif- 
ftnion observed in shallow waters (Bowden. 1 965 ). l or 
example, if we talceC^- 10cin/sec,//= 3 m.andil^ - 10 
cm^/sec, then after r - 10* tec, the variance due to Ibe dieir 
diffusion amounts to 3 X 10* cm^, or the tize of patch it a 
few hundred meters. 

The shear effect, however, appears in a different manner 
wiientbe region is effectively unbounded, because the sub- 
stance is allowed to diffuse indefinitely in the direction of 
diear, i.e., perpeniBeular to the mean velocity. The effect 
of shear on dispersion will be far more marked in an un- 
bounded region than in a bounded one. For a uniform Aeat 
field, hi fact, the longitudbnl variance faiereeaea as bi an 
unbounded region (Corrsin, 1^5-V), whereas the variance is 
a linear function of time for ttie boimded case. For tltis rea- 
son, we she!! first present a diear-difybtion model in an in- 
finite sea and later consider the possible effect of boundaries. 

In the radially ^nunetrical model, no allowance is made 
explicitly for fsctors such as shear in the mean flow. The 
shear-diffusion model, on the other hand, focuses attention 
on the actual pattern of flow tliat can contribute, together 
ndth the random motiont of sntall-tcaie eddfet, to tlie mix- 
ing. For sin^'' i ^ i t> as.^iurne the meao vdodty field to be 
sheared both laterally, £2 , and vertical^, n,. Tb^ are con- 
sidered to be tteady and bomoteneous. that is, 

V = W = 0. 

where C/g(r) is the time-dependent mean velocity in a plane 
/ ■ X ■ 0. Since the tbne-depeadent homoteneout flow hat 
BOtUng to do with the tpiead of radioicthw material with 
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lespect to the center of nuss of the patch, we simply take a 

coordiirjle system wlios* tirigin moves with tlie center of 
mass ut the patch with it:^ ;i' .ixi^ directed witli the mean 
flow, (he .F-axis lateral, and the z axis vertical. We (huseUmif 
nale the V„U) term completely fiom our discussion. 

We further asisume that the small-scale eddies responsible 
for the interna] mixing can be described by eddy diffusivi- 
ties.4^,.4j,, and/lj in the at, ^,andr directions, lospcclively. 
These are taken as constant in order to make the problem 
tractable. 

The basic equation for the shear difTution is then ex- 
pressed by 



9S as 
d/ ax 



J, ^'-^^ d^S 

a i4, * Ay — + >4, — ■ - yS. (19) 

aw' dy^ dz^ 



The aolutioa for an instantaneous point aouiceatx'^'Z' 
OU 



the shear effect is hardly felt. A critical lime, f^, nagf be de- 
fined by I*]'. For tlie main period of shear diffusion, i.e., 
I > 4j , the fdillowing features are deiivcd from equation 
(20): 



niaxintiun oonoentniion, 



y/3M 



'A A 
x-variance. 0* - ^^a^^^ + ^fl|i4,jf* 
/^miaooe, 0^ = lAyt 

■ 

X'Varianoe, » 2A,t 
mean horizontal variance. 



degree of dongation 00 a horizontal pline. 



exp 



ac+i.f(V + n,z)]* 2 ^2] 

S i- + — + — > (20) 



where represents the concentration from a unit amount 
release, ny, a l-Ci source.with no decay.and ^\ is defined 
by(l 12) [P^l (.4^.' I J + ^^-JA^)\ . It is interpreted 
that 4> j' represents a time at which the shears come into 
effect on mixnig of substance, 

I qtiation ( 20). havini: m quadratic t'orm in x. v. and z, 
slater that the contours ot the concentration arc a set of 
dlipsoids with common principal axes, (he orientation of 
which varies with time Thus, the patch of radioactive ma- 
terial is elongated m general. The degree of elongation de- 
pends, apart from /, on the shears and eddy diffusivities. 

A Ions time alter release, a very much elongated patch 
will line up in the direction of mean How. and, at the same 
time, the combined effect of the shears and of the difliuian 
due to Tiinduni eddies accelerates, to a great extent, the rate 
ot dispersion ot radioactive material around the moving 
center of mass. For an initial period of diffusion, however. 



p H — 



apparent ooefBcicnt of horisontal difTusion, 



0- 
2t 



12 



Ay 



Equation (20) describes three^limensional diffusion 

under shears in an infinite ocean For a release in the surface 
layer or near the bottom of the sea, we must take into con- 
sideration the ( reflective) boundary effect at least at the sea 
surface ("navifacc") or a! the bottom; a lateral boundary 
such as a coastline may be treated in a similar way. Without 
the diears. or for the radially symmetrical model, It would 
lie easy to treat the boundary effect simply by adding the 
unage of the fundamental solution lor mtimtc space with 
respect to the boundary (Caidaw and Jaeger, I9S9). With 
shear we cannot use the image method in such a simple wiy, 
as might be expected. 

However, the essential features of the shear difftisioo 
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would remain much the same I'oi infinite and quasi-infinite 
seas, except for the fact that the distribution in die vidni^ 
of the boundaiy becomes asymmetrical in that the poritioii 
of the maximum concentration shifts toward the down- 
stream direction. Saffman (1962) shows, as a matter of fact, 
that the longitudinal variance for the semibounded case dif- 
fers onfy by a certein numerical factor from that for the 
infinite case. Obvioudy, the presence of the boundaiy does 
not affect the lateral and vertical variances. These results 
also indicate that the time behavior of the peak concentra- 
tion would be unchanged. 

In shallow waters the presenuc of both the sea surface 
and flie bottom must be considered after an appreciable 
arooont of the substance has diflused from the surface to 
die bottom. Then the shear diffusion due to vertical shear 
becomes decelerated and will be overwhelmed by the shear 
difiiialon due to lateral shear. In other words, the depth- 
mean concentration can be dis^.■usscd by a (wo- linu-isional 
iheai-diffusion model with the effective value of the longi- 
tudinal coefRdent due to vertical rfiear (Bowden, 1965) 
added linearly to the eddy diffusiviiy.,4^. 

The solution for the two-dimensional diffusion in a hori- 
sontal shear can be easily obtained by putting - 0 in 
Equation ( 20) and talcing an avet«ge Over the depth, We 
then have 



Eiseniial features of Itie shear diffusion are the same for the 
threeHliiiienaionad and two-dimeniional cases. The faster 

rate of decrease of the peak concentration in the three- 
dimensional case is simply a consequence of tlie fact that 
the substance has one more dbnenrion to diffuse. 

Carter and Okubo ( 1 965 ) analyzed dye-release experi- 
ments in the Cape Kennedy area purely on tlie basis of 
shear-difAitfon models. Offshore releases, being regarded as 
three-dimensional cases, exhibited the two time regimes, 
r'^ and Z"^ *, in the decrease of the maximum concentra- 
tion (Figure 21). On the other hand, near<ahore and inshore 
releases in shallow waters showed the two time regimes. 
/-' " and t^ °, in the decrease of the peak concentration. 
For both the deep- and shaUow-water cases, the horizontal 
variance increased in direct proportion to 'he second power 
of time. Representative values for the sheaii and eddy dil- 

fiiaivitic^ it) the offsliore legloo of the Cape Kennei^ anea 
ne estinuted as follows: 

Wnter Summer 



S(r,jc.v) 



Me 



-Kt 



exp- 



4^.Ul +♦!) 



(21) 



where =\^f\ :\1 n, s/T^JA^.D denotes the mixing 
depth over which the isubstance is distributed uniibrmly, 
and is the sum of and the effective longitudinal coef- 

llcietit due to vertical shear, "fr^' interpreted as a time at 
which the horizontal shear begins to come into effect on 
the mixbig of substuioe. 

The behavior of the characteristics, of two-dimensional 
siiear diffusion may be summarized as follows for / > '• 

s/lM , 



2nDAy Sly 



0* = ^Ay Qy 



A^ ''Ay 



4X 10^ cm^/sec 
19 cm^/sec 
1.8 X 10-3 jec-> 
<10-« sec-» 
4hr 



4X 10^ cin^/sec 
1.3 cni^sec 
6.6X10-3 sec-' 
<10-^ sec-» 
8hr 



As may be seen, there is an uiteresting resemblance be- 
tween this simple shear-diffusion model and a "diffusion 
velocity" type of solution of the radially qrmmetrical model. 
Both models give the same dispersion rate: the horizontal 

variance increases as the second power of the time. As a 
nutter of fact, a combined parameter, say, y^SlyAy, which 
appears bi the expression for tr' in the shear-dimision 

model, has the dimensions of velocity. Using the values of 

shear and eddy diffusivities shown above, we obtain a value 
for the combiiwd parameter on the order of 1 cm/sec, which 
is comparable to the value of a diffusion velocity estimated 
in the radially qrmmetrical model. This implies that the 
shear-dlffhsion model describes more oqilicitly the physical 
processes of horizontal diffusion from a scarce than the 
radially lynunetrical model does. 

CONTINUOUS RELEASE FROM A FIXED POINT 

As mentioned earlier, the solution for an instantaneous 
smitoe is not necessarily fundamental to the constructloa of 
the adtttion for a continuous Bouiee. However, there are no 
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appropriate difrerenlial equations to be UWd as a basis for 
oceanic diffusion from a continuous source. It still seCflW 
appropriate, however, to coorider plume'di^rsion models, 
such as that of Frenkiel (1953) with an eye toward practical 
applications. 

Plume-dlspeniofi models in widespread use employ in- 
stantaneous patches as elementary components. The ideal 
plume model is assembled by superposition of an infinity of 
overlapping instantaneous patches, each released from a 
fixed ' 'iLMii and each translated by the niL-iii velocity, U. 
Such a supcipused-patch model is illustrated in Figure 22a. 
Thus, the concentration of radioaetiviiy from a continuous 
source may be formulated as foUowi: 

r 

C(W.«J- j q{f-t )St(t\x-Ui',y,2)e-^*'dt\ (22) 
a 

where C{t,x.y,z) denotes the concentration of radioactivity 
at a point (x^,z) and at a time t, elapsed since the start of 
releases; qii) is tlw rate of rdeaae at the source in caries per 
second; and Sj represents the concenttation distribution for 



an instantaneous release of a unit amount without decay. 

Any one of the solutions for an instantaneous release 
may be used for .S,. Only a few limited eases, however, per- 
mit one to carry out the integral in Eq. (22) analytically. 
For mathematical convenience, therefore, diffusion in the 
direction of the mean flow is neglected, leading to the 
"spreading disk" model for plumes, as illustfaied in Figure 
22b. Thus, the formula for C in the disk model becomes 



wiOtoix>Ut (23) 
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To illustrate, let us take the instantaneous solution (Eq. » 
10). The deplh mean concenlration from a continuous 
source bfljhnen by ' ^ 




mAO(tnx>Ut: (24) 




That is, the centeriine concentration in the plume from a 
conslint rate of release without dec^ ^fcffsiffs inveiscly 
with the distance from the source. 

Similarly, the instantaneous solution (Eq. 12) neadtsiD 
the following expienion for the depth-meui eomeentnikm: 




aodOfofx>(/t (2S) 




FIGURE tt SdMMtlc pbn vltwi of phtrnts: (a) idnl 

(theoretical) plume; (b) spread! ng-disk pluma;^) fki» 
liMling »ln(le plume. (S«« Gtfford, 1959.) 



mean conoentiation it a fixed point may be expressed as 
follows: 

/C(w,z)y = [ C(wj',.2)*(xj',)dj'*, (26) 



Hei e, the plume coooentiuiion along the central line de- 
ofeaset in proportioa to x"'^ when the rate of rdesse tt 

constant and the decay is not included. 

The three-dimensional diear-diffusion solution (Eq. 20), 
when applied to the centeriine concentration of a constant 
nelease plume, also gives rise to an x'' law. 

Real plumes present a far more complicated appearance 
(Figure 22c) than does flie plume of Oie fheoietical model. 
The motion of the individual elementary patches consists of 
two parts: spreading within individual patches and meander- 
faig of the center of mass of tfie element. The meandering is 
caused hy the motion of the Ijrec scjIc eddies. However, if 
we focus our attention on a meandermg plume at a given 
instant and position a coordinate qrstem with respect to the 
meandering plume, i.e., the jr-axis along the centeriine of 
the plume, the concentration distribution in the plume can 
be represented by the ideal phime (Useussed above. 

On the other hand, tlie mean concentration at a fixed 
point taken over a certain period longer than the time scale 
of the meandering wai be smaller than flie concentration hi 
the ideal pbime. Aocofding to GifTord (195^, a long-teim 



wiiere ^(v, v^) represents the frequency function associated 
with the meandering of the central line of a plume about 
1hex«axis, i.e., the dlrectloo of the overall mean vdodty. 

Thus far. very few experimental and theoretical results 
concerning the frequency function appear to have been n> 

ported tf it is assumed that the frequency fum tion is 
Gaussian with the variance o^(x), Eq. (26) can he integrated, 
at least m prmciple. for appropriate solutions for the ideal 
plume. C Thus, the depth-mean solution (24) for C com- 
bined with a Gaussian form of ; gives (Giilurd, 1959): 
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where the rate of idem b assumed to be a constant value, 

<7,, Csanady ( I ''63) showed expcrimenlally that (he stan- 
duid iicvutioii, o^, increases linearly ^viih ihc liislancc from 
the source. This implies that the overall mean concentratioii 
along ihc Jr-axi5. without radioactive decay, still decreases 
inversely with the distance, with an elTeciive diltusion ve- 
locity larger than that of the ideal plume. 

Another important aspect of continuous releases must be 
mentioned. That is, from the standpoint of a safety estimate 
of radioactivity, not only the concentration in a steady-state 
portion of the plume but also the distribution of radioactlv* 
ity in the transient-state portion, e.g., the advancing front 
of the plume, must be considered. The "disk" model is too 
oude to be used fat this purpooe, because the longitudinal 
diffusion of ntdvldual elementary patches primarily deter- 
mines the concentration distribution in the frontal part of 
the plume. We must return to the general solution (23). sub- 
stitute an appropriate instantaneous solution into S,, and 
perfoim the integration. 

Let us consider a tractable case, in which the duration 
time of release is very short in comparison with the half4ife 
of the radioactive isotope m question. Then, using solution 
( 10) for 5f, we obtain the concentration from a constant 
rate of supply as foUows: 



where 



■erfc 



(28) 



^ n 

In particular, the center line concentration becomes 



C(r,x,o) ^ 



for X 20. 



2-s/vu)Dx 



erfc 



(29) 



At the point x = x^, (he concentration is half what it would 
be if the source had been emitting for an tatfhiite time. Be- 
yond this point, the decrease in concentration is very sharp, 
depending upon the ratio of the values of the mean velocity 
and of a diffusion velocity. 

Figure 2.'? illustrates sohematic.illy how tlie centerline 
concentration varies with the distance for a transient plume 
from a oontimious source. 



•Of C«l,a.«t 




>t a 

FIGURE 23 $ciMiitttic«ariutiM«rttit< 
eimcmiiation witii 4tsl»iea, tar a tramlmt ptuiM 
from a coiitlmMwi aewva, 



Equation (29) appeals to satisfy some of the obtened 
features of the osclOaling plume hi a tidal estuary (see 

Carter. 196S). 



FINITE SOURCES 

Thus far, we have regarded the size of the source as infini- 
tesimal. This means that the discussed v iluiion^ cannot be 
applied to a certain initial period of patch diffusion or hi 
the vicfaiity of a continuous source, since the source is actu- 
ally ftaiite. A measure of the critical time or distance beyond 
which a point-source solution is practical is discussed below. 

Rrst, consider an uistantaneous release. Let be the 
variance of the initial distribution from a finite-sized source. 
Then, the critical time, i^, is defined as the time at whicb 
a' (jy) = al , where o' (r^) denotes the variance from an in- 
stantaneous point-source. 

For practical purposes, the finite-source problem may be 
treated by the method of superposition of infinitesimal 
sources, even thougli this method is not correct sn principle 
Thus, the depth-mean concentration from a uniform source 
of rectangular shape, extendfaig from -all to </2 biilie x 
direction and from -d/2 to d/2 in the difeetion, cm be 
expressed as follows: 



m 

obD 



\ \ "^o ^ <lyoS,it,X'X„,y-y,)e'>^, 



where m denotes the amount of radioactivity released per 
unit area. 

Similarly, continuous releases of radioactivity from a 
tinitc source can be treated by superposition. Thus, beyond 
the distance x^a Ut^ from the source, we may, for practlcil 
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purposes, disregird the size of the source; there the distribu* 
tion of radiotctivily would be neariy identical to that at i 
point source with the same total intensity. 



OCEANOGRAPHIC IMPLICATIONS OF THE 
DISTRIBUTION OF NATURAL TRACERS AND 
FALLOUT ISOTOPES 

The development of radioactive tracing and dating tech- 
niques in the last decade has provided oceanographen with 

a new tool for studying large-scale (oceanic) physical pro- 
cesses in the sea, such as diffusion and advection. We may 
hope that as tracer measurement techniques improve, our 
understanding of the worldwide dis.Tiibiitions of these iaili.>- 
active tracers will also improve, thus permitting us to focus 
our attention on smaller acde processes. As our understand- 
ing of the processes o*" advection and diffusion at all scales 
improves, so too will our ability to predict the capacity of 
our environment to reoeive radioactive wastes, from fallout 
and other sources. Accordingly, this section reviews the 
radiochemistiy Uterature that applies to the oceans. Since 
most of the papers iwiewed analyie the data by means of 
"box models," it seems appropriate to start withagnmal 
description and discussion of these models. 



Box Modds 

Radiochemists are generally credited with developing the 
box model concept, although similar models were used in 
the early stages of the study of physical oceanography. 
Radlochemistry data is analyzed by this means probably 
because such dita are sparse, and an oversimplified picture 
of the ocean is requind in order to draw aoy coocluaiOQS at 
all. In this approach, ^e ocean is dhrlded into a number of 
"boxes." or reservoirs, each containing water that is assumed 
to be well mixed. The entire ^stem is generally assumed to 
be tai a steady state , and the exchange of fluid-attached 
properties, i.e.. salt, heat, stable carbon, '''C. i iv , i > as 
sumed to take place in accordance with fust-order kinetics- 
that is, the transfer of matter follows an exponential ex- 
change law ( \hc flu.x of the projjerty per unit ar?j per unit 
time is proportional to the concentration of the property) 
as long as the faitemal mixing rate hi each reservoir is large 
in comparison to the transfer raie pu' iif the reservoir Tli? 
transfer processes are unspecified, alihougli one physical 
interpretethm may be arrived at as shown in Rgure 24. 

Consider the interface between two liquid rese r>'nirs such 
as those shown in Figure 24. Here, there is an advective Ilux 
of pfopetiy Qt^'C, from reaeivoir I to raaeivotr/, and a net 
dJfrushie(liix£|L^*CJ--^_i*(^, in the opposite diiection. It 



FLUID SINK' 



RESCRVOM i 



INTERFACE 



RESEAVOR ) 



0,., c, e.., Ci 

FLUID SOURCE 
FIGURE 24 Schenutk pretenuilon of lh« trintfer 



IS assumed thai C^-.xl', and tliat continuity of mass is main- 
tained by a fluid source in reservoir i and a fluid sink in 
reservoir; at unspecified points in these leseivoif a. At steady 
state, we have at the interface 

Qi^-q* Ef^ q- Ef^-q^ Q. (31) 

Equatkn (31) may be nwritten as foUows: 

Qi-I £■/-/ 

.Af, + -^.Ar,-^.AJ.O. (32) 

U 'i •> 



y. 

Finally, from Eq. (32), we obtata 
wheie 

1 



(33) 



IT - H- (advecUon) 



5:' 



7-r 



(dlfliuioo) 



(diffusion) 



(34a) 



(34b) 



I34c) 



and where < is the residence lime, or "average" life, of a 
molecule of me species baingeoiiiiderad in the reservoir i 
relative to the reservoir/, r^^ ii identical with the r defined 
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in Craig (19S7) as the quotient of the steidy itate contents 
of a reservoir and the tlux. 

An exprestion that is completely equivalent for the same 
exdiange at die interface md for the foim that it unnlly 
used In box models is 



i-i 



N,- = 0. 



(35) 



Thus, one possible interpretatiun of residence times arrived 
at by use (MT equations similar to bq. (35) is that the transfer 
GOtflieitnt,A^.f, is some measure of the diffusion and kj_j is 
some measure of the combined effects of diffusion and ad- 
vection, since A;,.^ corresponds to kff^ + kfj in Eq. (33). 

Another important conclusion concerning box models of 
the chain* type may be drawn from Eqs. (32) through (35). 
A chain model does not permit a net flux of water mole- 
cules across the interface except for the evaporation-precipi- 
tation difference at the air-sea interface. Such a model is 
shown in Figure 25. The water balance requires that tu_j^- 
Eff^ at steady state, and from Eqs. (Mb) and (34c) we 
have, 



or 



(36) 



(37) 



These relationships indicate that the residence times deter- 
mined by thi» model will depend quite critically upon the 
mixed-layer depth that is selected. Modds of this ^pe were 
used by Craig(i957. 1963). Bioecker (1966), and Plesaet 
and Uugas( 1967). 

Still another consideration is the strong interdependence 
between the model selected and the relationship between 
residence time and radiocarbon age. Attention has already 
been called to this by Craig (1963). In Pigui* 26, the lesi- 
deiKC time of the ocean res* f^'oit is very nearly infinity, 
since water can only be exchanged between the atmosphere 
and die oceans by evaporation and precipitation. That is, if 
the ocean were completely mixed by some meaivi thf ri^- 
sulting "age" would refer only to the residence tune of the 
radiocarbon molecules in the ocean relatWe to thoae fai the 



*ln :i ch.iin model, the rcwrvoirs axe arranged like beads on a strinf. 
If the deep ocean reKrvuit depicted in higuie ZS is ventilated by 
exposure to (he alinosphere. the model would become a "cyclic" 
model with fctpeci to '*C. but would leroain a "chain" aiodel with 
iMpeet to water i 
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FIGURE 25 A box model of the ocean- 
\ lyimn of tlie chain type. 
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atmosphere, and not to the residence times of the water 
mdecules. In the situation represented in Figure 2S, the 
radiocarbon and water molecules in the deep ocean can be 
exchanged only with molecules In the mixed layer; there- 
fore . if such an ocean could somehow be created, the resi- 
dence times of the deep ocean water and of the radiocarbon 
molecales would be identical. If one now ventilates a por- 
tion of the deep water by exposure to the atmosphere, such 
as occurs at liigh latitudes, the radiocarbon age of the deep 
water will be reduced, since the radiocarbon molecules in 
the deep sea can now be exchanged with those of both the 
mixed water just above and the atmosphere. Tlie residence 
thne of the water moleeules is, however, undianged. It is 
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apparent from the foregoing discussion that the ie<;idence 
times of interest to the oceanographer are the residence 
times of the various water reservoirs relative to each other, 
fuch as a deep layer relative to ;■. mixrd layer or an interin^ 
diate layer relative to an oveiiy iiig sui lace layer and an 
underlying deep layer. Any model that does not prawide 
accurate estimates of the residence times of the water mole- 
cules In the various subdivisions of the real ocean is of lim- 
ited value ta interpnetlng drculatfcm intterm and mixing 
processes. 

At least three box models and one analytical model 
iMHed on radioactive tootope data leem to meet the fete- 
going criteria They are. in chron<ilot!ic;ii order, the model 
of Broeuker et al. (1961), the model of Bolin and Stommel 
( 1 96 1 ) for the Common Water* and Atlantic Intermediate 
Water, Broecker's (1966) transient -state model for predict* 
ing '*'Sr and ' -"Cr vertical distributions resulting from 
bomb fallout and his steady -state model for the vertical dis- 
tribuiion of '''C, and Munk's(1966) analytical model for 
the deep Pacific water. Both the Bolin and Stommel model 
and theMunk model utilize, and are therefore consistent 
with, temperature and salinity distributions. These models 
arc presented in Table 7. For comparison, even though they 
do not utilize radioactive isotope data, Montgomery 's 
(1959) results for the residence times of subtropical surface 
water, based on his salinity model, are included. 

Table 7 summarizes what seem to us to be the important 
hifimnces to be drawn from the various models. It is quite 
dear that the average residence time of a water molecule in 
the deep Pacific and Indian oceans is about 1,(XK)-1 ,3(X) 
years. Surface water in all oceans is 10 years old oo the 
average, and Atlantic Antarctic Intermediate Water Is 100- 
400 years old. As used in this paragraph, "old" is synono- 
mous with residence time relative to all routes of removal. 
Prom continuity considerations, it is easy to deduce estl- 

m;i!cs uf vcrtica! velocities at the interface het\>.eeii ilie 
deep water and the water above it (mterface depth approxi- 
mateily 1 ,000 m). Theie vertical vdoeity estfanates riiodd be 
regarded as oceanic averages. Their order of magnitude is 
0.3-1 .4 X I0~' cm/sec. It is not possible to separate in an 
unambiguous manner the effects of deep horizontal advec- 
tion anci vertical mixing. The range of horizontal velocities 
for the northward velocity of the deep Pacific waters were 
anrived at by Ignorfaig vertical dlllbslon for the lower linnt 

and Including its ctTect 'or the upper limit. Broecker's 
model (1966) IS not consistent with what we believe to be 
the important processes in (he fomution of the theimo> 
dine, as he points out. It does, however, permit a compari- 
son between mixmg rates inferred fiom '^C data, on one 
hand, and and '^Cs data, on the other. 

*Thii is the liMp mMr of the Indian ami Pacific oceus. tlw mott 
voluininon inMf nasi of tlM worid. it VPBS BiaHd by Mooliaimny 
C1958). 



Comments about Some Conflicting Oceanographic 
Implications from Observations of the Vertical 
Distribution of ^Sk and i^'Cs 



A number of investigators, notably Miyake et al. (1962). 
Bowen and Sugiharaf 1958, I960, 1965). and Rocco and 
Bloedcer(1963), iiavc measured '•'Sr and ' ^^Cs concentra- 
tions at the surface and at various depths in the ocean and 
ham inteipieted the concentration distributions they ob- 
seiwd. Some of tlieae oceanographic interpretations con- 
flict with each other, and some apparency eonfliet with the 
descriptions of pfayaicd piooeases in the oceans prasented in 
eadier puts of this diapter. 

Miyake ere/, described measurements of ^<*Sr and ■^'^Cs 
made in the western North Pacific Ocean in 1^)58 l')S9, 
and 1960. They found significant amounts of radioactivity 
at deptlu as great as 5,000 m. They ascribed this deep pene- 
tration of radionuclides to vertical eddy diffusion from a 
source in the surface layers, and they computed a vertical 
diffusivity from their observed depth distribution for the 
depth interval 1,000 to 4,000 m. Their value of 200 cm'/sec 
for vertical difluiivity far exceeds the values for the deep 
waters of the Pacific obtained by Munk (1966) as well as 
the values that can be deduced from the analysis of Bolin 
and Stommel ( 1 96 1 ). Muiik obtains estimates of A^. tlie 
vertical diffusivity, using distributions of temperature, salin- 
ity, and >*C, and shows that the vahie he computes of about 
1.3 odiVmc is consistent witfi (he distiibutkms of ndium 
and dissolved oxygen. Munk also showed that the anociated 
vdue of the vertical vdod^ (1.2 cm/day), which is inti- 
mately tied to the value of JT, in his model, is condsient 
with the probable rate of production of the Pacific Deep 
Water. As Munk points out, the values he obtains for the 
vertical difhisivi^ and for the vertical veh>dty are coniis> 
tent with the resiilts obtained by Stommel and his collabo- 
rators in then manifold attack on the abyssal circulation 
(Stommd, 1957; Robinson and Stommd, 1959; Stommd 
and Arons, 1960a and b; Bolin and .Stommel, 1961), and by 
Woostet and Volkman (1960). and ICnauss (1962). 

We have no imon to qiMMion dw vaihies for the concen- 
trations of '^'Sr and '^'Cs determined by Miyake a/.; 
however, we fmd that we must reject their hypothesis re- 
garding the source of (he deep penetration of these radio- 
nuclides. Miyake's measurements were made following 
several senes of weapons tests in the Pacific, involving 
detonations that could have produced dose-in contamina- 
tion to considerable depths. It is also significant that the 
very extensive but unpublished measurements of '-^''Cs 
made throughout the North Pidfle by Polsom (personal 
communication) during 1 965 . 1 966. and 1 967 do not show 
significant amounts of this isotope below a depth of about 
400 m, even though these measuiements were made afltr 
the aocmnuhted faUout had mose than doubled over that 
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TABLE 7 Suminaiy of the Re^nee Times, r, the Vertical Coefficients of Eddy DifTusivity, K,, the Vertical Velocities, w, 
and the Horizontal Velocities. >'. Inferred from the Various Models 



HfXlO* » 

Model WkWtMaii Exchameiwith rfytf (cm'/Hc) (cm/Mc) (cn^Mc) 



BrMckci i t at. 
(1961) 



Bolin and 
Stommel 
(1961) 



BoUn and 
Siommcl 
(1961) 

Bfocdcer 
(1966) 



«««) 



Montgomery 
(1959) 



Arctic 

North Atlantic 
SuifiueWatu 

South Atlmtic 
S«ifttotWitw 

NorlliAllsfitic 

Deep Water 

Aniaictic 



Pacilic ;inU Indiiin 
Surface Watet 

Ftcinc and Indian 
Deep Water 

fftdfieaiidlaAtA 
ComtnoA Wat*r 



AtUntic Antarctic 

iWatn 



Caribbean 
(appar 750 m) 

North AtUntic 
(upper 750 m) 

Soutii tacific 

(upper 750 m) 

Paciflc-lndian Ocean 



North Atlmlic 

Padfte 
(•U>lkffl) 



North Pacific Soiltee 
(<100 m) 



Sooth Padflc 
«230in) 



North Atlantic 
«37S m) 



Atintic Deep Water 

Arctic 

North AdantieSurboe 
Water 

Arctic. 

Antarctic 

North Atlantic I>ccp 
Water. Paciric and 
Indian Deep Water 

Antarctic 
Antarctic 

North Atlantic Deep 

Water, Antarctic 
Bottom Water. 
Pacific and Indian 
Intermediate Water 

Ajitarctic Surla^e Wjtcr, 
Atljntjc Deep Watci, 
Atluiiiic Surface Water 

Layer below 
Ujrertalow 
Layer twlow 

l^et below 

Layer Mow 
VarHeri adiwettoa and 



45 

lU 
10 
600 

iOO 

25 
1,300 
1,200 

100-400 




14HM^ 



Ikn 



Hif;h-htitu Ji- Surface 
Water. LdW-latitude 
Surface W.iicr, and 
Deep Water 

Higb-laiitiide Surfioe 
Water, Low-I.iiitude 
Surface Water, and 
Deep Water 

Hifh-latitude Surface 
Water. Low-latitude 
Surface Water, and 
Deep Water 



12 



23 



1^ 
4J 

MS 

0.4 

1^ 
1.3 

\M 
1.9» 



M 

OJ-1.0 
2B4* 

\A 



ao7-i.o 

(noith) 
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A'., «■ y 10*. V. 

WmuMmi ExdimiHwith r.Cytl^ (cm'/scc) (cmJsK) (cm/aec) 



South Atlantic 
«190m) 



South Inilion 
«170m) 



Average 
«213m) 



High-loMiuji- s,.-f,i,. e 
Wjiei, Low-tatitude 
Stuface Watflf , and 
Deep Water 

Uigh-latitudc Surtacc 
Water. Low-latitude 
Swface Water, and 
DMpWatw 

High-latitudL- Surf jci- 
Water. Low-Uiiutidc 
Surface Water, and 
Deep Water 



10 



1.3* 



IS* 



'HmMhm* tiow laUtM to aMkaap by aN NMilM parmklwl br ttw nodM. 

*lUaMnM» ttaw each ISO-m lajrar conpatad Aon dfR wteM k lha layer dap«li, if o m. and it la tb* tettr-taaaiwilc «dita« rata IHT\. 
fft, Iba iKtaMMwvolr nteiat nte. 

^Oonputad ttom w (man orComnM WMaritorfaet aaaa of raaUie)! Jf > dX lO^gi a • l.S7XlO**ani'. 
'Bi.tfamtadflroiiid'/r. 



which exJtted at the tinw at wUcb MJyake «r of. obtained 

their measurements. 

Of more concern are differences in the observed vertical 
diatflbutiomof ^Sr and '^''Cs obtained by Broecker and 
his associates, on the one hand, and by Bowen and Sugihara, 
on the other. Broecker argues that his obieivations in the 
North Atlantic do not show '^''Cs radioactivity exceeding 
2 dptn/100 liters and ^Si radioacthri^ axceediat 1 dpm/ 
100 liters below a depth of about 500 m. Braedcer's mea- 
surements in the equatorial Pacific are lower than these 
levels for '^''Cs and *^Sr for all but a few samples below a 
depth of about 300 m. The latest published meaauiements 
by Broecker and his associates are for 1963. 

Published measurements of '^Sr radioactivity by Bowen 
and Sugihara were for the most part obtained in the Atlantic 
Ocean between lfi°N and 16°S during the period I'^Sl 
through 1961. These measurements show significant '°Sr 
ladioactWity at depths as great as 2^00 m and alio diow 
jecondar> peaks at intermediate depths. 

Measuiemenu made by both groups are reasonably con- 
sistent for the near-surface layers. Both sets of measure- 
ments show 3 rna.Kiinutn of radioactivity at the surface and 
a fairly rapid decrease to a depth of about 500 m. Below 
thh depth Broecker and Ills associates show "'Sr radioac- 
tivity, or '-'Ts tadioactiviry i onverted to *®Sr equivalents, 
of less than 1 dpm/ 1 OU liters (with a few exceptions, dis- 
cuased bdow), while Bow«n and SugDian diow '^^Sr radio- 
activity at depths between 500 and 2.500 m ranging be- 
tween 2.8 and 4.5 dpm/ 100 liters. The vertical profde is 
inquiar, ahowiiig inlennedlate teeondaiy maxima. 



Bowen and Sugihara have argued that their observations 
are consistent with what is known about the large-scale cir- 
culation. They do not consider that the '°Sr radioactivity 
they fmd below about 50()-ni depth penetrates downward 
througjh the tfaermodiiie at middle and low latitudes. They 
argue instead that the source regions fot deep and interme- 
diate water masses in the North Atlantic occur in regions of 
relatively high fallout. The sinking of water at these sources 
and the subsequent southward movement of the interme- 
diate and deep water masses along surfaces of constant po- 
tential density could bring radioactive materials to the inter- 
mediate and deep layers at middle and low latitudes. 

The general concept proposed by Bu'.'.on and Sugihara 
is certainly a valid one. Some North Atlantic Intermediate 
Water appears to be formed in a region centered at about 
."iO^N. and the source region for North Atlantic Deep Water 
is centered at about 60°N. Based on land measurements, 
falloat reaches pealc concentrations just south of SOl*N, and 

is still about ?5 per.;en* nl tli- 'n.ixi:v.'.i:r. at 60''N, The 
speeds in the core of the intensitled western deep boundary 
current, which carries the North Atlantic Deep Water south- 
ward, ate thmiglit to be sufficient to carry water to the 
equator from the source region in about two years. En- 
route, however, this flow feeds flie deep water volume of 
the entire North .Mlantic. Evidence from analysis; of natural 
tracers indicates that the mean residence time for the Deep 
Water hi the North Atiantie is at least 300yeais, and for 

the entire North .Atlantic Deep Water, includinc its penetra- 
tion through the South Atlantic, the residence time has been 
rilown to be 600 to 800 years. Aiqt tracer added to the aur- 
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face sourtc waicrs for (he North Atlantic Deep Water in the 
last (tecade should be considerably dilutsd at middle aod 
low latitudes at this time, even Aough the minimum tratnit 
time 10 the equator would be great enough to petmil wime 
radionuclides to reach the equatorial Atlantic at depths of 
2,000 to 3,000 m within 2 years after injection at the sur- 
face source. 

The velocities associated with llie intermediate waters 
formed in the North Atlantic are not well known, and exist- 

ing evidence indicates that this water mass is not formed in 
very great amounts. Certainly, the North Atlantic Interme- 
diate Water is much less important as a supplier of fatterme- 
diatc-deplh water than the Antarctic InteitneJi.ite Water, 
However, fallout at the southernmost latitude of the source 
of Antarctic [ntermedfarte Water is very small compared to 
fallout in the northern hemisphere. Thus, radionuclides 
injected into the source waters of the North Atlantic Inter- 
mediate Water within the bit decade should be hiihly di- 
luted at intertnediite depths In the middle and low latitudes 
of the Atlantic. 

The problem we face in explaining the relativefy 
"*Sr radioactivity observed by Bowen, therefore, is not that 
there are no mechanisms that would ultimately bring radio- 
nudidei oiigimlly Injected bito the surface layers as falkwt 
to depths between 5(X) and 2,500 m at middle and low laii 
tildes, but rather that the radioactivity observed appears to 
be much higher than would be expected from known resi- 
dence times for the inlermcdiate and deep water. According 
to existing concepts, the older resident water simply rep- 
letents too large a dUuting volume for the recently initiated 
source of radioactivity. 

A recent compilation of all ''•Sr and '^'Cs measurements 
made to date, now being prepared for publication by the 
New York Operations Office of the .Atomic Fnergy Com- 
mission, indicates that observations of the deep penetration 
of these isotopes are not restricted to Bowen and Sugihan, 
but occur in the data of Broecker and his as.sociates as well 
as of others. Even in their published data, Broecker et al. 
(1966) show one analysis of a sample collected at a depth of 
4,330 m in the North Atlantic (34''49'N, 70°49'W) that has 
a »®Sr radioactivity of 4.3 ± 1.8 dpm/100 liters and a '^'Cs 
radioactivity of 7.01 1.2 dpm/100 liters. Thus, it appears 
that physical oceanographers must examine the evidence 
from fallout studies in greater detail than they have to date. 
It is quite possible that existing concepts must be modified 
to account for the relatively rapid deep penetiatiim of these 
isotopes bi the Atlantic. 

Using a technique quite different from that of Broecker 
and his associates. Folsom (personal communication) has 
made e.xtensive measurements of '^^Cs in the North Pacific. 
This technique involves the in situ extraction of the "''Cs 
onto KCFC resin, and relative laige volumes of water can be 
processed rapidly. Most of Folsom's measurements were 
made during 19bS. 1 %6. and 1967, and they constitute a 
larger number of '^^Cs meastirements than has been made 



by any other single source. The^e measurements agree with 
those reported by Broecker et al. (1966) for the equatorial 
Pacific in diat Folsom's observations also show statistically 
tignificaiii radioactivity confmed above 300 m. 

Folsom's measurements show one feature not revealed 
by the observations of other utvestigators. Folsom fnids 
very large peaks of '^^Cs radioactivity occurring in Ihin. 
subsurface lenses within the seasonal thermocline. //i situ 
recording lalinometers also show thin lenses of anomolous 
salinl^ maxima and minima in ifiis s;ime depth lange. 

Fildon explosions produce ^-''^Cs and ''^Sr at a relatively 
fixed ratio of between 1 .6 and 1 .8. These isotopes are 
thought to be transported together and to exist in seawater 
in completely dissolved form without being subjected to 
any si^flcant biological tw geochemical transport. Come- 
qirently. it is possible to convert, within reasonable limits, 
observations of one isotope to equWalent concentrations of 
the other. Folsom's rather extensive sampUng of the surface 
waters of the North Pacific for ' -'Ts can therefore bo com- 
pared to a collection of all available surface analyses of ^Sr 
in tiie Atlantic Ocean that have been compiled, but not yet 
pubii'heJ, hv Vniichn H nven (personal communication). 
This comparison shows that iur the same latitudinal bands, 
die amounu of *^Sr and *^Cs radioactivity in the North 

Pacific are at least twice the corresponding amounts at the 
surface of the North Atlantic. This difference cannot be ex- 
plained as resulting from the greater amount of dose-in fall- 
out in the Pacific Of approvim itely 200 megatons of fission 
materials produced in weapons le^ts to date, some 167 mega- 
tons, or approximately 84 percent, was injected nito the 
stratosphere and would therefore return to the earth's sur- 
lace as worldwide lallout. We are forced to conclude that 
the fallout nuclides are mixed in the surface layers of the 
Norlh Atlantic to a depth about twice that to which such 
nuclides aie mixed in the North Pacific. This findmg is con- 
sistent with our existing knowtedge of the vertical density 
structure in the upper layers of the two oceans. 

The surface data supplied by Vaughan Bowen clearly 
show the surtace mixing to be seasonal. We have averaged 
the surface '''^Sr radioactivity in the North Atlantic by lati- 
tudinal bands and by 6-month periods for the years I%1 
through 1 ''('(> The two 6-month periods chosen for averag- 
ing were December through May (which we here designate 
as winter) and Jtme througlt November (which we here de» 
ignate as summer). Figure 27 shows the winter and summer 
averages for the three latitudinal bands of 30-40''N, 40- 
S(fN, and S0-60^N. To illustrate our point, individual 
curves have been drawn througli the average of the winter 
points for the three latituditud bands, and through the aver- 
age of the summer points. Both sets of curves reach a mixi- 
mum in 1 963-1 %4. The winter ''".Si r iJioactivity observa- 
tions are, however, about 30 percent lower than those in 
the summer, indicatuig that mixfaig occurs to greater depths 
in the winter. 

Studies of residence tiines of natural tracers in the van- 
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ous intenneditte and deep water maaes may help rewlve the 
problem of iitterprethig the Bowen and Soglhara obwrva- 

tions of the vertical distribution of '"Sr. E. Schuert. of the 
MS. Naval Radiological Defense Laboratory (personal com- 
munication), has made careful compaiiaons of two tarn- 
plinj; and procedures for the dctcriiiinatimi uf '-'^Cs 

in the ocean. Schuert took samples at three stations in the 
eaaMrn North Padflc, two statkms bi January 1 967 at 
SZ'N. I^O^Wand 3:°N. i:3°W.and the third smtion in 
June 1967 at 34°N, 134°W. Two series of measurements 
were imde at eadi station. In one teriet. 1,000 lilmof 

water were pumped in situ through a device containing 
KCFC lesin to extract the '^''C&. In ihc second series, water 
samples were coUected using the large^unw water sam- 
pier designed hy Rodman etal. (1961). which is also the 
sampler used by Bowen and Sugjhara since mid- 1958. The 
KCFC iMin used in the fiiat series at each station was 
counted for '^'Cs activity before use, and this reading was 
subtracted from the activity determined after passing the 
aeiwater througb the resin. In the second series, the see- 
water sampler were treated chemically to conoentnte and 
isolate the '^'Cs. 

For each type of sampling, the three stations rfiowed in- 
significant differences. Both techniques gave surface '^'Cs 
activities at all three stations of 200 to 210 dpm/ 100 liters. 
The ladioactWI^ decieased sharply with depth. At 340 m. 



the KCFC technique showed '^^Cs activity of 0.8 ± 0.5 
dpm/100 nter, end below 400 m, no statistically signiflcant 

•'Ts activity was found on the KCFC resin. The water 
samples collected using the Bowen and Sugjhara teciinique, 
with subsequent dtemfeal treatment before analysis, showed 
that the '^'Cs activity also reached essentially zero at about 
400 m. However, a secondary maximum of 1 2 dpm/ 100 
liters was observed at about SOD m, and another of about 
5 dpm/ 1 00 lifers at abou t 800 m 

It has generally been assumed that both '''Sr and '-"Cs 
exist in seawater in comi^tely dissolved form, and that no 
particulate transport is involved in the distribution of these 
isotopes. Thus, any method that satistactorily extracts dis- 
solved '"Sr and '^'Cs should be suitable for the determina- 
tion of the distribution of these isotopes. Presumably, the 
KCFC resin removes only the dissolved '^'Cs. Both the 
water and its contained suspended materials are treated 
ciiemicaUy. One possible explanation for the differences in 
tiie vertical distributions observed by Schuert using the two 
methods of sampling and analysis is that cesium exists in 
seawater in two forms. Though the amount in true solution 
dominates, some small fraction may exist in particulate 
form. The KCFC method did not Aow any '^''Cs in solu- 
tku below a depth of 400 m. The water sampling metliod, 
on the other hand, showed low but significant radioicthrity 
at several depths below 500 m. which may have represented 
'^''Cs associated with suqwnded particles tliat had reached 
these depths by gravitational sinking. 

One further piece of evidence may be cited. In a paper 
presented at the meeting of the American Chemical Society 
on October 3-7, 1966, D. E. Robertson and R. W. Perkins, 
of Battelle Memorial Institute, Pacific Northwest Labora- 
tory, described a series of ' ^''Cs analyses made in the North 
Paciflc. Their data represented the average of 10 vertical 
prorlle^ t;ik<Mi along 39°N between I34°IS' and 1.14"59'W. 
This average profile is shown in Figure 28; the ' -'''Cs activity 
is expressed in pCi/ 100 liters. Note that at 270 m the >^Cs 
activity decreased from a near-surface maximum to levels 
below the detection limit. Tliis profile is relatively smooth 
oompared to tiiose observed by Folsoro (personal communi- 
cation). The data is consistent with the measurements made 
using the KCFC method in that no detectable concentra- 
tions were found bdow approxbnately 300 m. We hsiw in- 
tegrated thiscup/e vertti ;illy ;!nd found that the accumu- 
lated ' ^^Cs corresponds to a total fallout of 85 t 18 mCi/ 
km'. TMs may be campered to a value of 1 15 mCi/km' 

estimated for this latitude from land measurements. The 
difference (30 mCi/km^) may result from any of the follow- 
ing: (a) the fallout over this area of the Facific may not be 
the s.ime as the average over land for this latitude; (b) the 
counting uncertainty was quite high (this could account for 
a signifleant portion of the difforence; note that the upper 

limit of the range of standard error would give an integrated 
value of 103 mCi/km^j;(c) '^'Cs may exist below the 
270-ro depth at concentiations just below the Umit of de- 
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tection and through a sufficient depth range to coniribute 
the 30mCi/km* ditTcrence to the depth integfal;(d) '^'C$ 
may exist both in the upper layers and below the 270-m 
level in the form not measured by the technique employed. 

The difference of 30 mCi/km^ is regarded as relatively 
small, and of opposite sign, compared to that reported by 
Bowen and Sugihara (1965 ). These investigators found that 
the depth-integrated profiles of ^^Sr for the equatorial 
Atlantic showed amounts eight times higher than tbott cx* 
pected from falluui, determined from land meatuiement*, 
in this latitudinal belt. 

In the next section, some recent measufements of the 
vertical distribution of bomb-produced '*C In the northeast 
Pacific Ocean are discussed. These measurements also sup- 
port the contention that in flie ftdfic, bomb*produced 
radionuclides that are primarily waterbound (i.e., m true 
solution) have not penetrated in measurable amounts below 
a depth of 300 m. 



Estimates of Vertical Velocity and Verticil 
Diffusivity through the Thermodine Based on the 
Temporal C3imi|b in the Vertical DistriiHition of 
Carbon-14 Produced by Weapons Tests 

The u:^e of the distributions of '^C and stable carbon in box 
models to estimate residence limes of the various subdivi- 
sions of ii» oceans, as deseribsd earlier in this chapter, in- 
volved the use of measurements made prior to large weapons 
tests and subsequent correction lu post-weapons-test values 
in order to remove the effect of the added flux of bomb- 
produced '""C from the data. The larce Mip'.it of irtificially 
produced '''C began to make a signilicant iinprmt on the 
vertical profile of '^C concentrations sometime after 19S9 
and was particularly evident in data from the northwest 
Pacific Ocean by 1905. The observed teinpnial ch.ingc in 
the vertical distribution of '"C, particularly the progressive 
downward penetration of the new input, can be used to 
provide additional estimates of some of the physical advec* 
tiwe and diffuahre parameters. 

Figure 29 shows observed vertical profiles of con- 
centration talcen in the northeast Pacific Ocean in October 
1959, in June 1965. ;iik1 ii> October 1966. Some additional 
observations made in August 1 964 below a depth of 200 m 
are also diown in the figure. The curve for October 10. 
1959, is drawn through observations made by G. S. Bien, 
Scripps Institution of Oceanography, at30''04'N. 1 |8"Q2'W. 
(Note that the range of uncertainty in the measurements is 
indicated for eacli obsi'P.ed point.) Observations also made 
by G. S. Bien at 49 UO N, 154''S«'W, in August 1964 at 
depths of 210 m» SOO m, and 1 ,WOm indicate remailcable 
unifomiity in time and ^e. Evidently, the additional fhix 
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FIGURE 2S Cesiun-137 in pa/100 liieriiaMraie of 10 vertical 
pronias uk«n alons 39*N, between 134* IStV and 1S4'S9X by 
Robenion and Ptrkins, February 12, 1966. 

of bomb-produced had not penetrated to 210 m by 
August 1964. 

The curve for June 30, 1965, is drawn through observa- 
tions made by A. W. l airhall. University oi Washington, at 
48''29'N, 133"'09'W. This curve sltows that between October 
1959 and June 196S the influx through the surface of bomb- 
produced ''*C had significantly increased the '^Cconoen* 
trations above about 200 ro. This curve joins the curve 
drawn through the observations made in October 1959 at a 
depth of about :-40 m The curve for October 18. 1^66, was 
drawn through observations also made by A. W. Fairhall, at 
47*00'N, 132''03'W. This curve shows the further increase 
in the near-surface ''*C concentration resulting from tlie ifr 
crease of flux through the surface and also shows penetra> 
tion to a greater depth. This curve joins that of October 
1959 at a depth of 300 m. 

For the region below 300 m. a single curve has been 
drawn, since for the most part the oinervationsmadein the 
several locations and at the several times do not dlOW static 
tically significant differences at any deptiis. 

Hie original data were given as 0 >^ values, expressed as 
per niille differences from a rctcrcncc standard, and showed 
both positive and negative differences from the standard. 
For convenience in the mitnerical tieatment of the data 
described below, we have here introduced an arbittaiy aero 
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shift so Ifiat ail '^C ''concentrations" appear as positive 
numbers. As stated above, 5 'T is expressed as a per-mille 
difference from a standard, however, in the following treat- 
ment of theae data, the absdute values of the concentration 
ultimately cancel out of the problem. Hence, for conven- 
ience in keeping track of units, we have here con&idered 
that the zero^hifted per-miOe values for 8 Tspresent a 
concentration of in arbitrary units per cubic meter, 
expressed uFltn? (f being an undefined unit of mass). 

Asiume that in die region of the ocean in which theae 
'*C data were obtained, and for the time scale being con- 
sidered, the vertical variations in concentration, and particu- 
larly the time changes in the vertical distribotton, are con- 
trolled by the physical processes of vertical flux. Specifically, 
for the time period represented by the 196S and 1966 data, 
it Is assumed that data relating to the horizontal advecthre 
and diffusive processes arc not important in dsteimlDlllg 
the vertical variation in concentration. 

Under these asimnptions, we ham, for a given time md 
*pih. 



(38) 

where 

f > coooentration of 

z - vertical coordinate, positive downwards 
w ■ vertical velod^ 
■ vertical dlRusivity 

If this equation is integrated from tlie surface to the depth 
z.wehsve 




The surface limits on the right-hand side of this equation 
represent simply the flux of '**€ through \ht surface, here 
dnignated by q„. Thus, we have 

s 

The left-band aide of this e^tloo can be approximated 

by 

I z 

where f, represents the '*C concentration from the June 
30, 1965, profile, and represents the ctmcentration 
(torn the October 18. 1966. profile. Then, Af = r, - = 475 
days.or4.Il X 10" sec. Equation (4(^ then becomes, on re- 
arranging the order of terms. 



(w{),-Ar-(^:,^j^.af«41,A/- j(f,-ri)*'. (42) 

The term q„ 6t represents the total flux through the su^ 

face during the time interval A/. It is evident from the verti- 
cal profdes of concentration for I9S9, 196S, and 1966 
that the added bomlMlerived flux across the surface eon- 
siderably exceeded the llux of natural radincarhon It is also 
evident that the bonib-pioduced added to the surface 
hyeis of the ocean had not penetrated bdow 300 m in thu 
area of the northeast Pacific as of October 1966. Therefore, 
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TABLE 8 ValuM of the Vertical Vdodty, w, and the Vertical Q>effkiem of Eddy DUTusMty, if,. Computed Uiiog the 
VcT-i ai Profiles of i^CCoocentntion Shown In Figuie 29 (Values of the pertinent parameters entering the equa^ 

given/" 
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Depth 
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(IO*f/m^/iec) 
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(lO'F/m'/iiej 
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(10 'm/iM) 


-war. 
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20 
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1.91 
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0.3 


S3 
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40 
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1.90 


1,330 


0.6 
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1.87 
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11 
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1.2 
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1.06 
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XI 
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2.1 


193 


1.2 
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0.73 
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500 
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0.56 


0 
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1.9 
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^^A/ is given approximati-lv i v the net change bl aecuniu> 
Uted '''C above a depth ot iOO m-that is, 

300 

fl^A*. Jtta-r,)<fr. (43) 

0 

Note that, on the time scale considered here, the radioactive 
decay of ''^C. which would contribute a term to the equa- 
tion having opposite sign to the flux of naturally produced 
'^C, has also been neglected. 

The vertical velocity, w, will be zero at the surface and 
would be expected to incieaae in magnitude with depdi. 
Below 300 m, the right-hand side of Eq. (42) will be zero. 
Since the concentration decreases with depth, the balance 
required by Eq. (42) pves an upward^Srected vertical veloc- 
it>', al least to a depth of 1 .000 m. Since the horizontal mo- 
tion that must cany the adcending water back to regions of 
sinking is concentrated most strongly hi the upper 200 m, 

we assume for our ininiei1i;,ite pu-p<iw ihnt the vertical 
velocity is constant from a depth ot 1 ,000 m up to a depth 
of ISO m. and then decreases In magnitude to zero at the 

surface 

The vertical density gradient in this region is approxi- 
mately constant thiough the depth range of 160 to 300 m, 
and the vertical diffuslvity might also be expected to be 
constant through the same depth range. Malcing itus assump- 
tion. daU derived from the profiles of '*C oooceittntion 



given in Figure 29 can be used in Eq. (42) to find the verti- 
cal velocity, w, and the diffusivity, A^. The procedure in- 

volved inserting hito Eq. (43) the vahiea of (f Ar). i^l^ • 
s 

and qj^ - j (tj-f t) tfz'. correspoodhig to 16&m depth 

0 

and to 300-m depth. The resulting two simultaneous equ^ 
tions are dien solved for w and /C,. Values ofi^j-^i) were 
obtained directly from the profiles for June 30, 1965. and 
October 18, 1966, while values of and df/d2, wliich enter 
the advective and diffusive flux terms, were detemdned 
from a slightly smoothed profile repiesentfaig the averagie 
Ji and f,. 

The ^ues of vertical velocity and diffushrity thus ob- 
tained were w = -2 1 X 10"* cm/sec (i.e., directed upward) 
andJt^ = 1.22 cm^/sec. Taking w to be constant at this 
value throughout deptfi interval of 150 m to 1,000 m and 
then to decrease IirK jrl> in ;i..imiit jde to zero at the surface, 
Eq. (42) can be used to obtain values for at all depths 
from joM bdow the sutCsoe to 1.000 m. Table 8 shows the 
values of the pertinent parameters obtained from the pro- 
fdes of concentrations given in Figure 29, and the con^ 
puted values of This table shows that the computed 
values of arc essentially constant over the depth interval 
160 to 300 m, supporting the assumptions that allowed the 
equation to be solved for boflt w and Kg. 
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The high value, of 149 cm^ '5<'c. for the vertical diffusiv- 
ith at a depth of 20 m. shown in I able H. indicates the rapid 
mixiRg above SO m within the surface layer in this area of 
the oceans The computed magnitudes of the vertical veloc- 
ity, of approximately 2 X 10"* cm/sec, and of in the 
Ihermocline, of approximately I cm^/sec. are consistent 
with a relatively long residence time for the waters below 
1 ,000 m in the Pacific Ocean. Though increases slowly 
with depth below 400 m, reaching a vilue of 6 tn^luc at 
1,000 m, the computations here do not support the work of 
Miyalce etal. (1962); they are more in line with those of 
Munk (1966XudiKuaKd in the pievioiii Kctioo of tkii 
chapter. 



NEAR-SHORE AND ESTUARINE 
ENVIRONMENTS 

Mafi*s mott intfantte contact with the marine environment 

occurs near the coast and in estuaries and other embay- 
ments, and be makes tlie most ioteoaive use of this segment 
of the enviioranent for the harvest of seafood and nonliving 
resources and for waste disposal. Consequently, it is to be 
expected that some radioactive nuierials from man's peace- 
fid uses of nuclear eneigy will enter tiie near<riioie and 
estnarine waters; it is necessary to ensure that man's use of 
these waters and their products will not be limited by the 
introduction of these radloecthie materiats. 

Knowledge of the physical processes of movement and 
turbulent diffusion in estuaries has grown significantly in 
the last 15 or 20 years. The effort expended in study of the 
nciu ^h orr waters along the open ocean has, however, been 
relatively small. The region from just outside the surf zone 
to 20 or so miles ofMioie ramabis pooriy understood, al> 

though the of this near-shore environnienf as a rereivw 
of man's unwanted waste materials is likely to increase 
greatly in the near ftitute. 

Two reports have been published by the National Acad- 
emy of Sciences-National Research Council dealing with 
the disposal of low4evd radioactive waste fai coastal waters. 
These reports were written by working groups of the Com- 
mittee on Oceanography and lor the most part treat the 
subject of the dlsponl of padcagsd WKle Into de«gnated 
disposal areas. The first of these, Radinactive Waste Disposal 
into Atlantic and Gulf Coastal Waters (National Academy 
of Sdenoes-Natkmai Research Councl. 19S9), was prepaied 
by a working group under the chairmanship of Dayton E. 
Carritt. The second. Disposal of Low-Level Radioactive 
Wastes into Pacific Coastal Waters (National Academy of 
Sciences-National Research Council. 1962). was prepared 
by a working group under the chairmanship of John D. 
Isaacs. Despite theempbadsonpackaced^aste disposal.* 
problem of little cunent concern. Hieae leports stU con- 



tain considerable information about the physical and bio- 
logical character of coastal waters that can be used in con- 
ridering the probable environmeatal consequences of otfiw 
possible sources of radioactive materials in these waters 

The term near-shore zone is used heie lu desjgiuie the 
Strip of water adjacent to the shoreline in which the adja- 
cent land boundary, freshwater runoff from the land, and 
local meteorological conditions coiiinbuic significantly to 
the physical processes of movement and mixing. The width 
of this zone is higlily variable, and the outer boundary is 
not well deluied. The near-shore zone may be quite narrow 
aloog coasts where the continental shelf is narrow and 
wtiere oceanic conditions in which the motion of the water 
is dominated by the "permanent** cunents, discussed earlier 
in this chapter, penetrate close to shore. Conversely, off a 
coast where the oontioental ibeiris<|uite wide, tlie near> 
Aon zone msy be several tens of miles wide. The near-riioie 
zone is not, however, coincident with the continental shelf. 
Where the shelf Is very narrow, the neai-ihore zone may ex- 
tend beyond the didf. and where the didf is very wide, tlie 
near-shore zone may extend out from shore for only a frac- 
tion of the siielf width. The critical features defining this 
zone are the domfaiance of boundary effects snd of transient 

local effects on the water movement. 

There is considerable temporal and spatial variation in 
die movement of the waters in Ihe near-ihore zone. Except 
near inlets, the tidal component of tin- motion is gL'net.ijly 
parallel to the coast and oscillatoiy in character, with the 
ondiore-ofMioie component increasbig with distance ttont 
the coast. Inshore from the point where surface waves are 
breaking- that is, in the surf zone-a longshore current usu- 
ally devdops in a direction dependent upon the an^ at 

which the waves approach the sliorcline. TtalS, along a coast- 
line oriented in a north-south direction, widi the ocean to 
the east, waves a pproach i ng the shoreline from the north- 
east will produce a longshore current that flows southward. 
Outside the surf zone, the local wind and the salinity gradi- 
ent, which is related to runoff from the land, oombbie to 
domitiate the iiontidal current in the near-shore zone. Since 
the waves breaking on a shoreline at any given time nuy 
have been for the most part generated by storm systems 
some distance awav the direction from which the waves 
approach the coast and the local wind direction are gener- 
ally not correlated. Consequently, the direction of flow in- 
side the surf zone may be opposite to the direction of the 
currents seaward of the surt zone. 

Along coasts having relatively large freshwater inflows to 
the ocean, such as the Atlantic coast of the I'nited States, 
the salinity, and hence the density, of tiie water increases 
With distance oflshore. The average net nontidal flow in the 
near-shore zone will, along such coasts in the northern hemi- 
sphere, be directed such that the shorelme is to the right of 
an observer looking downstream. Such currents are paiticu^ 
latly wall developed along ooaais to the tight (looking sea^ 
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ymd) of the mouths of ma|or estuaries-southward from 

the mouth of the Chesapeake Bay. for example, 

At any particular time, however, the currents in the near- 
shore zone may be domhialed by the locad wind or by 
density-induced effects resulting from the wnd. In the 
shallow waters characteristic of the near-shore zone, the 
direct, wind-induced transport of the near-surface waters is 
directed slightly to the right of the wind. Hence, an offshore 
wind will transport the surface waters oftsliore, particularly 
a wind blowing it an angle to the shoreline such that an 
obaerver with his back to the wind has the shoreline on his 
left hand. If this occurs at a time of the year when there is a 
vertical density gradient with wanner waters at the surface, 
thcNi- '.viirrner waters are transported offshore and the cooler 
waters trom offshore are transported along the bottom and 
well up along the shoreline. The resulting density distribu- 
ti'tr; produce, in the nnrthcrn hemisphere, a current 
tlowuig along the coastline witii the shore to the left of the 
current (looking downstream). 

When such an offshore or longshore wind ceases, the 
warmer surface layers slosh back toward the shore. Dye- 
tracer studies along open coastUnes have shown that hi this 
way pollutants introduced from an offshore outfall are most 
likely to be carried onto the beach following the cessation 
of a wind that has produced an offshore surface-layer trans- 
port. In the presence of an onshore wind, on the other hand, 
a slope zone develops near the shore and the wind-induced 
transport turns and runs parallel to the shoreline at a point 
just outside the breaker zone. 

Radioactive materials introduced into the near-shoK 
zone will be transported away from the point of discharge 
by the current present in the vicini^ of the dtschaige at the 
time of discharge, and will be mbted into tbt MMiving wa- 
ters by turbulent diffusion. Where there is cmtinuous di^ 
charge of radioactive mateiiila into (he near4hofeaoM,t 
diverging plume extending downcutrent from the source 
will develop, witli concentration levels in the plume decreas- 
ing with distance from tiie source. Because of the transient 
character of the current pattern hi the near-shore zone, the 
plume will show temporal variations in direction, some- 
times folding back on itself, but more often, when the cur- 
rent direction approximately reverses, the remnants of the 
older, lower concentration plume will be advected along a 
path somewlul offset from the path of the new plume ex- 
lendfatg from the source hi the new dlreetioa of the current. 

Over a long period of time, a general low-level con^ erui.i 
tion field will be built up in the vicinity of the source, upon 
which the transient, higher concentratiim plume is atperim- 
posed. The steady-state level of this general background 
concentration will depend upon the rate at which the waters 
of the near-ihore zone are exchanged widi waters of the ad- 
jacent outer shelf or oi:eaii:c tegion. 

We have but meager knowledge of these exchange pro- 
cectts by wMeh the waters of the near-abovB lie iniewed. 



Where the faiflow of fresh water from the land mto the near- 
shore zone is sufficient to produce measurable salinity gra- 
dients, and where the rates of freshwater inflow can be 
determined, the mean residence tune for the water of the 

near-shore zone can he eslitnated Sued an estimate was 
made by Ketchum and ICeen ( 1 955 ) for the waters of the 
entire contfatental dielf along the Atlantic coast of the 
United States between Cape Hatteras and Cape Cod. 

Assuming that the source of the water tlial exchanges 
with the waters over this segment of the conthiental shelf is 
the "slope water." which is formed between tin' f.all S:i -.im 
and the continental shelf, these investigators used the ob- 
served salinity distribution to compute the total volume of 
river water resident over the shelf Dividing this acc i-r. il.i 
tion of water derived from land drainage by the annual vol- 
ume rate of flow from all rivers discharging from the adja- 
cent coast gave a mean residence time for this segment of 
the continental slielf ot about 1^ years. Conceivably, this 
approach could be modified to apply to any s^ment of the 
nea' slvne ,'one along this coastline or any other coastline 
where similar conditions of freshwater inflow prevail. 

Along coaatlbies where freshwater drainage from land is 

too small to develop measurable salinity variations, the use 
of some other tracer, either natural or artificial, will be re- 
quired in order to determine the exchange rates between the 
waters of the near-shore zone and waters of the adjacent 
outer contuiental shelf OT open ocean. 

As stated earlier, estuary studies during about the last 15 
years have been rather extensive, and a considerable volume 
of literature has been publi&lied concerning the distribution 
of properties and the circulation patterns in ilie various 
types of estuaries. Cameron and Pritchard ( 1963) contrib- 
uted a review of this literature, which also contains a rep- 
resentative list of references concerned with estuaries 
through about 1960. The book entitled Estuaries (LauiT, 
1%7), published by the American Association for the Ad- 
vancement of Science in 1967, refers to several more recent 
papers dealing with the Icinematics and dynamics of estu- 
aries. Other references that treat studies of thia sutject in- 
dude til' V- lit F^altray and I lanscn ( 1 962), liaruenand 
Rattray (1965, 1966), and Priu:hard (1955). 

An estuary has been defined (Pritchard, 1967a) as a semt 
enclosed h xly M water that has a free connection 

with the open sea and within which seawater is measurably 
diluted with fresh water derived from land drainage. From a 
geomorphological standpoint, four primary subdivisions if 
estuaries are recognized: drowned river valleys, fjord- type 
estuaries, bar-built estuaries, and estuaries produced by tec- 
tonic processes. 

Drowned river valleys ore the classical estuaries of the 
physical geographer. Because they are generally confined to 
coastlines with relatively wide coastal plains, these water- 
ways have also been called coastal-pUin estuaries. These 
ettuariiei an widespnid throughout the worid, and are 
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comnum along tbe eastern seaboard of the United Sutes. 
This dM of flitiuriH hn alio been studied the matt, and 
most of the existing litemtuie alxMit estuuies deals with 

them. 

Coestal'plain estuaries may be fuitlier sulxUvided into 

fnur principal types (Pritchaid. 1955, 1967b). differing 
from one another in the character of the nontidai circula- 
tion pattern, in the uitensity of vertical stratifkation, and 
in the extent of lateral homogeneity. These typc?^ aio the 
salt-wedge estuary, typifled by the mouth of the Mis&issippi 
Rhrer, the partially mbced estaaiy, typified by the Chesa- 
peake Bay and its Iributan." estuaries; the vertically homog- 
eneous estuary, and the sectionaily homogeneous estuary. 

Most estuaries falD into the category of partially mixed 
estuaries, and further discussion liere will therefore be lim- 
ited to this type. This discunioo of the movement and mix- 
ing in partially mixed coaataliriain estuaries eoweis the 
processes of importance in estuaries in genera! and makes 
adequate reference to the literature Uealmg with other 
categories of estuaries. 

In a partially rrtixed es'iiary. the v:i1-im'v increases with 
depth as well as in ilie seaward directiuu. Miere is usually a 
surface layer in which the vertical salmity gradient is small, 
an intermediate layer in which the salinity increases rela- 
tively rapidly with depth, and a deep layer m which the rate 
uf increase of salinity with depth is small, as in the surface 
layer. While the intermediate layer is one of relatively high 
stability, the density gradient is not sufficiently steep to 
completely inhibit vertical mixing between the surface byet 
and the bottom layer. 

The oscillatory ebb and flood of the tide are the predomi- 
nant motions in the estuary. Superimposed on the tidal cur- 
rents is a net circulation pattern in which there is a net sea- 
ward flow in the surface layers and a net flow from the 
mouth toward tlM head of the estuary in the deeper Iqwrs. 
Theie is also a small net vertical motioo from tiie deeper 
layers to tbe surface kyers. The volume of water flowing 
toward the head of the estuary per unit time decreases from 
the mouth to the head of the estuary, since water is simul- 
taneously behig transferred throu^ vertical motion from 
the deeper layers to the surface layers. Hence, the volume 
rate of seaward flow in the surface layers increases from the 
head toward tlie mouth of tlie estuary. 

A pollutant initially mtri JlicllI mto the bottom layers 
in a partially mixed coastal-plain estuary, in addition to par- 
ticipating in the oscQlatoiy movement of the tidal currents, 
is carried in the net motion toward the head of the estuary. 
At the same time, turbulent mixing leads to horizontal dis- 
persion m the longitudinal and lateral directions and to verti- 
cal dispersion into the surface layers. Pollutant that becomes 
mixed with the surface layers is carried in the net flow to- 
ward the mouth. Seaward from the point of taitroduetion, 
pollutant being carried toward the ocean in the surface 
layers is partially mixed downward into the deeper layer 



and reintroduced into layers moving toward the head of the 
estuary. 

A pollutant introduced into the surface layers is initially 
earned in the net flow toward the mouth of the estuary. 
Mixing leads to horizontal and vertical spreading, and the 
wastes are thus added to the deeper layers, which have a net 
flow toward the head of the estuaiy. 

In the region of the estuaiy headward from the point of 
iniioduction. the concenlratioru nt |i,i|li;t;ini will always be 
greater in the deeper layers than in the surface layers, while 
seaward from the point of introduction the converse wOI be 
true. These conditions prevail regardless of whether the 
wastes are initially introduced into the surface layers or into 
the deeper layers. 

The pollutant is ultimately flushed from the estuary in 
the seaward flow of the surface layers. 

In order to understand these various processes fat greater 
detail, consider a waste effluent introduced via an outfall 
mto the estuary. The subsequent fate of the introduced pol- 
lutant Will be tafluenoed by tlie physical properties of the 
effluent, the method of introduction, and the depth of in- 
troduction. If the density of the effluent stream is lower 
than that of the receivmg waters, and the stream is faitro- 
duced at the surface of the estuary, then vertical mixing of 
the waste materials with the receiving waters will b« inhib- 
ited. However, if such a waste stream is introduced into the 
estc 'rs neiif the bottom, the effluent will initially rise as a 
buoyant plume, entraining diluting water from the environ- 
ment en route to the surface. Since the estuary is seldom 
deep enough that the ascending plume reaches the density 
of the receiving waters at an hitermediate depth, the plume, 
stiU somewhat lower in density than the surrouodmg esttt- 
atine waten, will ^ead out on the surface. 

If the waste effhieat b denser Uma the esttiaiine waters, 
the waste stream wiU tend to spread out on the bottom. Ini- 
tial mechanical dilution can be enhanced in this case by in- 
troduction of the waste stream ocai tiie surface, thus prond^ 
ing for a descending plume that will entnin diluting water 
en route to the bottom. 

The major sources of prilution to an estuaiy are usually 
introduced by way of effluent streams that are less dense 
Uian the receiving waters, and as noted above, the most 
effecthre way to introduce such a waste stream would be as 
a bottt^ni discharge. The effectiveness of the diluiinii of the 
ascending plume is enhanced by discharging tlie waste 
stream throu^ a mtdtiport dilTbser, designed so that the 
ascx-miiru' pl jnics overlap sliglitly when they reach the sur- 
face. 1 his method produces an elongated volume source in 
the surface waters, which is then ftartiter suljected to tiie 
physical procesass of movement and dispersion in the 
estuary. 

In some sitttations, die vohime rate of discharge of the 

eftluent stream is so great that little mechanical dilution can 
be obtained from a rising plume in the depth range available 
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in the estuary without a complex and costly difTusci v\ stem. 
An alternative mcthud uf obtaining elTective initial mechani- 
cal dilution is to introduce the waste stream as a high-velocity 
jet directed across the waterway. 

If the method of introduction produces sufficient initial 
mechanical dihitjon to significantly rediioe tbt dtendty dlf* 
i'erence between the waste stream and the ettlUTUIC walen, 
further dilution by mixing is enhanced. 

In the (urface layers, the diluted effluent wilt be ex> 
tended Into an elongated horizontal plume by the prevailing 
tidal cuncnts. Durmg ebb tide, the plume will extend down 
the estuary, and during flood tide the plume will extend up 
the estuary. Horizontal and vertical turbulent diffusion will 
act along the length of the plume to spread the waste ma* 
terials and to contimially reduce the contaminant concen- 
(ration with distance from the source. Each reversal of the 
lidal current will result in a folding back of the spreading 
plume. However, because of the large'Scale turbulent eddies, 

the plume will seldom fold exactly fiiu k cri listMf and will 
also seldom follow the same path on successive tides. Thot, 
there will develop a widespread contaminant field of rela- 
tively low concentration, on which is superimposed, with 
each tide, a relatively narrow plume of higher concentration. 

Tidal oscillations past irtegiilarities in the shoreline are 
an important mechanism in the longitudinal dispersion of 
an introduced pollutant. This is made most evident by con- 
sidering a contaminated volume, produced by an instantane- 
ous release, as it is carried up and down t!ie waterway by 
the tidal currents. Frequently, eddies associated with slight 
embayments or with points of land that profect into the 
waterway will temporarily trap water containing high con- 
centrations of pollutant as the contaminated volume moves 
past these sliore features on one or the other phase of the 

tide. The nri'm bulk of the oontanM'naiit !^ .. arried on past 
the shore leaiure by the tidal current, whiie the material 
trapped by the shore feature slowly spreads out into the 
main stream, leading to an effective dispersal behind the 
bulk of the contaminated volume. When the tide reverses, 
the process is repeated, with a resulting dis|>enion on the 
opposite side of the contaminated volume. 

The theoretical treatment of mixing discussed earlier in 
this chapter can be modified to tieat the distribution of 
ooncentiation of a pollutant discharged into an estuary 
either as a local nearly instantaneous source or as a local 
continuous source. The modification includes the effects of 
the side boundaries and of the boundary conditions assumed 
at the river and seaward ends of the estuary. Determination 
of the probable time-dependent distribution in a plume orig- 
inating from a continuous source requires furtlier considera- 
tion of the oscillatoty nature of the tidal current. Carter 
( l')65) has devribed a theoretical approach that appears to 
satisfy many of the observed features of the oscillating 
plume in a tidaJ estuaiy. 

The use of theoretical relationsbipa fbrmhcins appear to 



be most uaeful in describing the detailed distribution of pol- 
lutant concentration v^ithin. for example. « tidal s^ment of 
an estuary (i.e., the segment defined by the excursion fiom 
its source of a particle of water in an estuary, headward on 
the flood tide and seaward on the ebb tide). A number of 
investiptors have, on the other hand, treated the broader 
aspects of the Hushing of an estuary. In such studies, con- 
cern is directed toward tlie broad mechanisms of the move- 
ment of the pollutant through the estuaiy and of its ultimate 
discharge to the open ocean. Kctchum (1950). Stommcl 
(1953), Kent(195ii>, and i>orrestein(1960) all treat the 
fhishing of estuaries as a one-dimensional (longitudinal) 
problem. Stommcl and Kent deal Mth solutions to the oae> 
dimensional advection-diffusion differential equation, 
while Ketchum and Dofiestein use a finite, segmented ap- 
proach, sometimes referred to as a box model. 

More recently, Phtchard (1969) described a two-dimen- 
sional box model that is particularly suited to partially 
mixed estuaries. In this approach, the estuary is divided 
into segments along the length of the estuaiy, and each such 
longitudinal segment is further subdhrided vertically at the 
depth of the maximum vertical salinitN' i!-iJieni. which 
approximately defines the boundary between liie net non- 
tidsl seaward-flowing upper kyet and the deeper layer in 
which the flow is directed headward in the estu.iry. Using 
volume and salt continuity requirements for each segment, 
aaeiieaof almidtaneoos equations is developeil from which 
the larger scale advective flows and vertical-exchange coef- 
ficients can be determined. 

It is theoretically possible to obtain numericad solutions 
to the basic hydrodynamic and kinematic equations using 
higti-speed computers. These equations are so complex that 
to date it has not been possible to treat the complete 
transient-state equations with even the largest of high-speed 
computers. However, numerical modeling of estuarine circu- 
lation, and of the distribution of salinity and introduced 
wastes, using models of considerably greater complexity 
than have been employed where analytical solutions were 
sought, is developing rapidly. 

in numerical modeling of estuaries, the equations of mo- 
tion are used to determine both the mean circulation and 
the tidal flow. To date, the Navicr-Stokes form of the equa> 
tions of motion, in which the local and field acceleration 
terms are neglected, has been used for the mean flow, and 
the classical wave equations for the computations of tidal 
flow, using the rise and fall of the tide at the entrance as 
input. The continuity equations for mass and salt must be 
solved simultaneously with the equations of motion to pre- 
dict tiie temporal and spatial distribution of both tlie circu- 
lation and the salinity. Prediction of the distribution of 
concentration of a waste requires the simultaneous solution 
of the convective-dilfusion equations and the equations of 
motion. 

In all cases to date, the equatiofiB employed in the numer- 
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ical model stUl represent considerable simphncation of the 
complete hydrodynamic and kinematic equations. In partic- 
ular, transient-state solutions for the nontidal circulation 
will ultimately be required, although such has not been done 
to date. Also, to treat the majority of estuarine problems, 
the vertical dimension must be iocluded, since the charac* 
terittie two<Jayered estuarine circulation dominates so mafqr 
of the estuaries in this country. 

The greatest pioUem with nuroeitcal modeling of the 
estuary is that the relationships between the diffusion pa- 
rainclcrs ihal enter the equations and predictor v ariables 
such as tide, weather, and circulation are not known. There 
are two schools of thought on how to overcome this prob- 
lem. One contends that if the field of motion is determined 
in sufficient detail in space and time, the diffusion terms 
become relatively uni m port an t, and only rou^ estbnates of 
the dirfusion parameters arc rcquirc<l Tlic second school 
advocates determining the pertinent relationships by which 
the diffusion parameters applicable to any desired averaging 
scale can be compiiti?Li Tlie advantage tf the first approach 
is that at least two-dimensional modelmg is possible now, 
though at considerable cost in computer time, since very 
short intervals in time and space arc involved. TTic advantage 
of the second approach is that, for situations requiring much 
less detail in tfane and space, (ms computer memory and 
computer time is required, and the powibtlit\' rf extending 
the model to three spatial dimensions appears more favor^ 
able. 

Hydraulic models of estuaries have been and are being 
used to study the physical dispersion of proposed waste dis- 
diaiges. A hydnuUc model is hdicfentiy tliree*dimensioinl, 

and time variations in tidal input and freshwater inflow arc 
readily included in the model. Properly verified hydraulic 
modds of estuaries are capable of produetaig valid biforma- 
tion on the physical dispersion nt' w;is!e in:4teri:(ls Introduced 
mio the estuar>' at intciiiiediate and large scales oi averag- 
ing. There is some indication that the detailaof concentrB' 
tion distribution near (he point of discharge may not be 
properly scaled in the model as a result of overmixing at 
small scales, which is associated with the roughness elements 
required for distorted hydraulic models. Simmons and 
Lindner ( 196S) discuss the uses of hydraulic models of tidal 
witww^ra, and Ippen (l%6) shows that while dispersion 
phenomena in such models are properly scaled in the salt- 
water section, there are questions regarding the scaling of 
such phenomena in the freshwater tidal-river section. The 
latter report also contains a chapter on the general scaling 
requirements for hydraulic models of estuaries. 

It is doubtful that the costs of construction of a hydrau- 
lic model of an estuary can be justilled on the basis of waste 
management alone, however, the use ol existing hydraulic 
models, built for other purposes, does appear feasible. This 
is particularly true for problems where all three spatial 
dimensions are important, siitce proven alternative means 
of solution are not yet tvalbMe. 



SUMMARY 

In this chapter the physical proceaes that result in move- 
ment and mixing of radioactive materials within the ocean 
am described. The current state of our knowledge of the 
essential features of the circulation of the oceans in relation 
to the associated distribution of properties is summarized, 
and recent tiwoietical Studies of ocean dtcidation aie 
reviewed. 

Considerable progress has been made over the last ten 

years in understanding the processes of mixing in the ocean 
and in a4|acent coastal and estuarine waters. Consequently, 
a mqor portion of this chapter is devoted to a description 
of our current knowledge of turbulent diffusion in the ocean. 
Comparisons between experimental and ttteoreticai results 
ate alto given. 

Some oceanographic implications of the observed dis- 
tribution uf natural tracers, such as carbon- 14, and of fall- 
out isotopes, are diseusaed. Pkrtlcular attention is given to 
the conflicting evidence concerning the rate of vertical pene- 
tration of the dynamically passive isotopes strontium-90 
and ceshim-1 37, diseusaed elsewhere fai this publication. 
Variations of carbon l4 with depth ;n the interval 1950 
through 1 966 at a location in the northeast Pacific Ocean 
are used to compute die vertical components of the mean 
velocity anil of the eddy difTuaivlty. The results of this 
analysis are in line with those of Munk ( 1 960), and con- 
trary to the conchuions reached by Miyakeerof. (1962). 

Because ma:i"s mnst intimate contact with the marine 
environment occurs in coastal areas and in estuaries and 
other embayments, a section of this chapter is devoted to a 
brief dfscrtpiior? of the processes of movement and mixing 
11) ihe^e waters. References are given to several recent papers 
contaiiiing mote delaled descriptions of the State of our 
knowledge of the physical processes in estuaries and otiier 
coastal waterways. 
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Chapter Five 

MARINE 
CHEMISTRY 



E. D. Goldberg. W. S. Broecker. M. G. Gross, K, K. Turekian 



INTRODUCTION 

Chemical spedes introduced into the oceans will initial^ be 
partitioned among three phases: the living biosphere, sea- 
water, and inorganic and organic particles. On diflerent lime 
scales and in various sites, tlie ultimate fate of all such ele- 
ments is removal to the sea floor or discharge into the atmo- 
apheie. Although it is not possible to treat in detail the 
paths of all Gherakal q^eides in the various types of marine 
environments, we ittempt to qrsteniatiie ivailahle 
chemical data for ndlOBudldes In seamaisr and in aedi> 
ments and to direct attention to those anas «4ieie infonm- 
tion is lacklni. 

Marine environments can be ccmveniently categorized 
into two major domains: the coastal ocean aiul the open 
ocean. The coastal ocean includes estuaries, lagoons, the 
water over the continental shelves, and many marginal seas. 
Ttii- . pen ocean is that jMit imt significantly affected by its 
boundaries with the continents or by the siiailow-ucean 
bottom. 

Obviously, then.' is r>n ile.ir-cut boundary between the 
coastal and open ocean, therefore, for this report, we will 
comidervnter deeper than 1,000 m to be pert of the open 
ocean. 

The different physical and biological conditions of these 
two oceanic doraains, relewaflt to problems of dementd dis* 

tributjon nre summarized in Table 1 . The lemsinder of the 
dupter elaborates on these concepts. 



CHEMICAL SYSTEMATICS AND ELEMENTAL 
REACTIVITIES IN SEAWATER 

nie toniuilation of models to study the dispersion of radio- 
active species introduced into the marine environment can 
be approached within the framework of chemical charac- 
teristics and the behaviors of their stable counterparts in 
seawater. The assumption is made that the dispersion paths 
of ladionudldes introduced in soluble forms will be the 
same as those of stable nuclides introduced or existing in 
the marine environment. This implies that the chemical 
ipeciation is the same for both stable and radioactive nu* 
(dides in setwatei.* tlence, it is possible to utilize existing 
knowtedgs of oceanic diemistfy In formtilatlng models. The 
complexities of seawater as an electrolyte solution and the 
inadequacies in our (|uantitative description of the oceanic 

''Ilieic arc evidences in the literature of exceptions to this assump- 
tion, h'or example, stable zinc appears to exist in a numt>er of com- 
plex species, some of whidi exdunpe ilowly with the uncomplexcd 
forms. Zinc-65, inOodMCMl into the muina environment from nu- 
dm iaMallatiraa, aay not atttin dw tanw chtminl q|itciitiffn in 
dioft lime iBiirais u III MaUc isotopic oonnMiparls. Some of tha 

water nay tenfl tnm the prefeienttal uptake of a spedfV: dissolved 

species of zinc Another explanation may \x that organisms may 
have picked up these elements from water mataet wliere the tpecifle 
activittcs were ditTcrcnt but the spectation wat limHtr. Al pMMtt» 
leiolMtion of Itiis difficulty is not evident. 
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1 38 RadloaetMty Ai the Marine Envlmiment 



TABLE I Ptimaiy Picton That Can Alter the Chemical CoaipiNition of Seawiter 



Factor 


Effect upon Elemental 
IMnvfor 


Coastal Ocean 


Open Ocean 




Piimiy iirodiictMtir 


Fintian of alaiiNiiU in 

inntfcT to dacpai wat«n 
Of to Miliimnt 


H«b. widi local vaiiaWlity 


G«n«nlt)rkMr,o! 

of dWilMJUM 

lalitiida 


leapt in areas 

' Hid ti^ili 










Pariii U- input by river runoff. 
u( rcsuspenston t'lom 


Vtovide sutfa^'c^ for rc.-;u Hons 
of dissolved species and 

34 ICS iUl UHblKHW 

activity 


Kigb 


Low 
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system are well known. Substanlial advances have been 
made in the chemical description of seawater over the past 
yean, especially in regard to the speciation of the elements 
and to their relative rcacliviiics. This new inrDrnialiini pct- 
mits meaningful statements about the expected beiiavior of 
at least some of the nuclides. 

Table 2 lists average values for the concentration of ele- 
ments in the ocean, together with what appears to be, from 
thermodynamic considerations, the most important chemi* 
cal U)xm, or forms, in solution. Column 4 divides the vari- 
ability in the abundance of the elements into the following 
three categories. 

A. Concentration is directly prupoitional lo the salinity 
(such elements are referred to as "conservative"). 

B. There is a well-developed and readily described vari- 
ability in concentration, as a function of depth, ocean basin, 
or both. 

r Reported variations in abundance are independent iif 
salinity and not clearly dependent on depth or oceanic ba&in. 

Tlie elements in Class A are. in gencrnl. tinrcaciive and 
display a retnaikable stability in solution, while elements in 
Class B are tisually involved in biological cycles, perhaps in 
inorganic processes that may result in an inhomogeneou.s 
oceanic distribution. The behavior of Class C elements in the 
ocean is not well understood. 

There are several approaches to the description of the 
reactivity ol an element m the oceanic chemical system, the 
most useful of «Mdi ate residence times and the degree of 

undersaturation or supersaturaiinn. 

Residence time is defined as the average time an element 
spends in ocean water between introduction and incorpon- 
tion into the sediments. Reactive elements generally have 
relatively :>liort residence limes in the oceans, while chemi- 



cally inert species generally have much longer residence 
times, assuming a steady-state system in which the amount 
of an element entering the marine environment is compen- 

.sated by the transt'er t)f an equivalent amount from scawalcr 
tu the sediments. The residence time, T, is defined by the 
relatiomhip 

T = AlidAjdl), 

where A is the total amount of the clement in solution in 
the oceans and dAIUi is the amount introduced, and there- 
fore precipitating, per unit time. Table 2 gives values of the 
residence times based upon values of<M/<ff calculated from 
stream-input data. 

Because of the overnmpltfled nature of the model, the 
ahsohitc values of these residence times should be taken asa 
measure of reactivity rather than as a meaningful cluono- 
lofgxti number. The alkali metals and the alkalute«aith 
metals, tor example, with Inn^t residence times, are chuac- 
terized by the lack of reactivity of their ions tal solution, 
while those dements hitimately invohwd in biological 
cycles -phosphorus and silicon have sliort residence times 
(10^ to 10'* years^ The shortest residence times aie calcu- 
lated for elements primarily usociated with lithogenous 
particles, such as aluminum, titanium, and thorium. 

A second measure of reactivity derives from the degrees 
of undersaturation of ions with respect to dieir least soluble 
compound and their most stable dissolved species. It has 
been noted that, for reactive elements whose expected con- 
centrations are cdcuUted on the basis of their least soluble 
salts (Table 3) or on the basis of stable complexes (Table 4), 
and that are classified according to residence tmies (except 
for the rare earths and thorium), the observed concentra- 
tions are much lower than the liiiiitiii^ -mos foi oxs'genated 
seawatcr. This indicates that pliciiomena oiner lUaii solu- 
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TABLE 2 (Continued) 



Concentration 





Sea water 






Dissolved in 


Retidence 




Conoentration 






Stream WaMn 


Tine In Ocean 


Elemant 


0<|/UMr) 


Dinolved Specks 
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0.9 


Gf 


A 


A A4 

0.02 


o X lU 


Ba 
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C 


20 
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^Compilcdrrom Goldberg (i»«S) aid Tunkian (1969). 
*S(C text for esplanation of IttUtt. 
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TABLE 3 Expected Equflibrium Comcentntioiu for Some Elemenu, Based on Insoluble Salt* of Phosphate. Carbonate, 
Hydfomide, and Sulfide (Concentiatiain in log moles/iiter)' 
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-3J 


-5.8 


-26.0 
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-1.5 
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-3J 


-3.7 
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-3.7 


^.0 


-0.5 


-16.2 


-9U) 








-12.5 


-43.7 


-9.1* 








-12.0 
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-9.3 








-15J> 


-16.0 


-8.2 




-«.> 




-to 
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"Calculationi mide wjih the following acliviiy coefficienlt; monovalent ion*. 0.7:4iralmt ion*. 0.1; trWalent loni, 0.01. 

^Occurs primarily *j CtO^. 

^ Otcufs primarily ai U02(C03)3'. 

''May occur as particulate phaaas. 

'Occun priaiariiy chiorid* complaxM. 



TABLE 4 Complexes Formed in S^rawater and Their 
Expected and Observed Equilibrium Concentratiooi 
(in molei/liter) 



Eleromi 


Complex 


Expected" 


Obwmd 


SHw 




-4,2 


-8.5 


Mercmy 


HgCl4 


+I.9I 
-0.3 J 


-9.1 


Lead 


PbO, 

no* 


-5.6] 
-5.8 J 


-9 



'Usinf least soluble salt, from Table 3. 



baity equflibria are determining elemental concentnllons. 

For lanthanum, cerium, and thorium, the sohibility of 
the phosphate appears to govern their conoentnttioos in sei- 
water, keeping them at a remarkably low level (Table 3). 
Their removal from seawatcr, or their transfer from surrace 
to deeper waters or to the scdmiciits. may be enhanced by 
the biological cycles in which pho!>phatc icgenerated by 
the decomposition of organic detritus descending thioui^ 
the water column. 



COASTAL OCEAN 

Several characteiistks of the coastal ocean appear to be 

especially significant in dcterminine 'he behavior of ele- 
ments. They are (a) rapid mixing ol substances injected 
Into the ocean; (b) ebculation patleras that tend to favor 

retention near the coast of substances introdui-ed into the 
coastal ocean; (c) relatively intense biological activity, and 
(d) the abundance of partides (both Uogenous and Utho- 
gcnous) suspended in the walcr 

Tlie discharge of a iivcr quickly mixes with a volume of 
seas^ aiL i several times as large to form a low-salinity surface 
layer thai Hows into the coastal ocean, mixing continuously. 
Such dischaiges can be identified on the basis of salinity 
and other parameters. The distribution of dissolved sub- 
stances discharged by rivers usually replicates the patterns 
diown by these identifying parameters. Most soluble sub- 
stances introduced along the shore will be mixed fairly rap- 
idly, even when not clearly associated with a miiior river 
discharge. 

The circulati> :i I the coastal OCmUl tends to favor the 
retention of dissolved substances near the coast. The thin 
plume of low-saUnity water formed by the discharge of a 
river moves along the coastline for many kilometers, uai i . 
ing with it muty of the substances injected into it. The sub- 
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FIGURE 1 SclMntttitMlon«ftlweBnul«ia««MOGMn. 

surface circulation also tends to favor, near ihe cnast. the 
rcteiitiun uf most substances iajected into tixe coastal ocean. 
Whefe pKdphation and nuiofT exceed evaporation, an 
esluarine-like circulation results (see Chapter 2) in which 
fresh water added to the oceati surface mixes with salt water 
from below and moves generally seaward (Figure 1). A diore- 
ward subsurfnce H'-w replaces the salt water thai has moved 
upward into the surtacc layers. In areas where evaporation 
predominates, the coastal ocean does not exhibit estuaiine- 
likc circulation, but such areas arc relatively uncommon. 
The increased nutrient supply due to this vertical circula- 
tion and the nutrients supplied by rivers are major causes of 
the relatively large primary production m the coastal ocean, 
because subsurface waters brought into the surface layers 
supply nutrients to the photic zone. 

Certain substances in the surface waters become asso- 
ciated with the descendmg organic debris. Chemical species 
released by the decomposition of particles sinking out of 
the surface layer will tend to be moved landward in the sub- 
surface flow, to return eventually to the surface layer. Al- 
though materials are lost to the sednnents or to the surf ace 

l^rcrs of the open ocean« the circulation of the surface and 
subsurface waters tends to retain some chemical spedes in 

the coastal ocean. 

Dissolved oxygen in the near-bottom waters or in tlie 
sediment may be depleted or even compleicly exlunisted, 
depending on the supply rate of dissolved oxygen relative to 
the rate of consumption in the decomposition of organic 
matter formed In tlie photic zone. Where exhaustion of dis- 
solved oxygen o^l ur-., sulfate-rediicing bacteria aie involved 
in the production of lljS. Complete exhaustion of the dis- 
solved oxygen in die water cohimn is not common in the 
coai^ta! ocean except where water circulation is greatly re- 
stricted, as in certain IjorUs, or where primary productivity 
is extremely high. In areas of large prhnaiy proiduetivity , 
where the supply rate of di.^isoived oxygen is large enough to 
prevent oxygen depletion in the near-bottom waters, iijS 
may nevertheless form in the sedimenu because the rate of 

OXygMl diffusion into the sediment is slow. 

The presence ot hydrogen sulfide may act as a control 
on the concentration of many metadlic ions in aeawater, as 
can be seen in TaUe 3. A sulfide ion activity of lO"* moles/ 



liter, correspondbig to that of a ^'stinking mud " lesults in 

an environment favorable to the removal of metals that 
form highly insoluble sulfides. Certam metals will be de- 
pleted even in moderately sidflde-rich water, Le., e^.] « 

10-" moles/liter. 

Manganese and iron appear to be enriched in sulfide-rich 
waters inasmuch as the sulfides of the reduced forms of 

these elements are relatively soluble (Table 3) Higher con- 
centrations of manganous ions in the anoxic waters of the 
mack Sea, relathw to the oi^nated surface waters, hive 
been reported, apparently confbmbig the existence of this 
process of enrichrneni. 

Reactive elements Inought into tlw ocean may Iwcoine 
associated with land-derived solid materials. Such materials 
derived from organisms incorporate certain elements into 
their tissues or ikeletons, often concentrating them ma. y- 
fold relative to their concentrations in seawatcr. After an 
organism's death, some of these elements are incorporated 
in the bottom sedfanent, along with undecompoaed organic 
remains. NutrieT<t flfTients. such as phosphorus and nitro- 
gen, may be relca.sed as soluble species during decomposi- 
tion of the organic remains in the water. 

Particle-associated chemical species and re.ictive elements 
thai were taken up by the organisms and nut quickly re- 
leased by decomposition are eventually incorporated in the 
sediment, which is a major reservoir for such elements. 



OPEN OCEAN 

The open m ean differs significantly from Ihe coastal ocean; 
thus, there ^ippcar to be major differences in elemental be- 
havior (Table 1). Among the significant differences between 
the coastal and open ocean are the general nutrient deficien- 
cies and rdathw scarcities of organisms and partides in sur- 
face layers of the latter. The well-developed density stratifi- 
cation in tiie open ocean inliibits large-scale vertical mixing 
and the upward movement of nutrients from deep waters, 
except at divergences or in hv^'i latitudes. Unreactive eli' 
ments generally pass through the coastal ocean into the open 
ocean. Reactive elements tend to become associated with 
particles or to be utilized by organisms and thus are removed 
from seawater in the coastal ocean. Elements with short 
residence times tend to accunnilate in the sediment depos> 
ited in the coastal ocean; elements with long residence 
times tend to accumulate in the open ocean. Uranium, 
wMch can lie reduced to a tetnvalent state in coastal de- 
posits, is an exception- it has a long residence time in the 
ocean but tends to accumulate in inshore deposits. 

In the open ocean, some chemical species removed from 
the surface layers by organisms are released in adjacent 
deeper waters as the particles decompose before readiing 
the bottom. Among these are elements such ii phoqihoitia 
and nitfogeo, which are retained by the partially decom- 
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TABLE S Ratios of Elemental Concentrations in Deep 
Wattn and in Suifm Waten t^of die Padflc Ooean 



JCWlnMH 




u 


1.0 


Na 


1.0 


K 


1.0 


Rb 


1.0 


Gi 


1.0 


Mg 


1.0 


Oi 


1X12 


Sr 


<1.1 


Ba 


4 


Ra 


4 




1.2 


S as SO7 


10 


P as phosphate ions 


>I0.0 




>10 


N asNOj 


>10.0 


Ma 


-1 


Mo 


-1 


U 


-1 


Be 


~1 



pOKd organic matter and deposited with sediments in the 
COutal ocean. Conaequentiy, open ocean sediments are rela- 
tively lets important as a leaenroir for feactlve dements than 
are tlie coastal buttdm :!cpii<:its 

Downward transport and subsequent decomposition of 
tlie peitieidata remains of marine offuiiims aic tiK major 

cause of chemical inhomogeneities within ihc ocean V;iri- 
ous elements fixed by marine organisms m the surface wa- 
tets of the ocean an tnn^iorted to, and nleased in, dcptfu 
where solution or oxidation of the debris takes place. The 
net result is a depletion of these elements in surface waters 
and an enrichment in deep waters. 

The ratio of the concentration of an clement (normalized 
to a standard salinity) in the deep waters to that in the sur- 
face waters of the Pacific Ocean provides a convenient index 
of the effectiveness of this process. Values aie given in 
Table 5 for several elements. 

Nitrogen, phosphorus, and silicon are removed very efflr 
cientiy, tiie last element primarily as the opaline tests of 
diatoms and radiolaria, and the first two as basic constit- 
uents of the orpnic material itself. The fact that the 
nitrogen/ phosphorus ratio (16/1) is nearly constant in all 
the major open ocean water masses and in all major types 
of organisms attests to the dominance of organic activity in 
the generation of inhomogeneities in the concentrations of 
these two elenwnts. Carbon is depleted not only by its in- 
corporation in organic molecules but also by its fixation and 
removal as CaCO, (in foraminifera, coccoliths. pteiopods). 
Calcium owes its depletion to CaCO^ and possibly to cal- 
cium phosphate precipitation. The al»enoe of signifiauit 



concentration variations for relatively unreactive elements 
such as cesium strangly suggests that transport by oiianiims 
is unintportant eompued to ttui^ort by piqrsical mfxhig in 
the water column. 
Nonsystematie variationa in the strontium/clilorlnity and 

Lcsium/chlorinity ratios have been reported, hiil the results 
arc difticult to interpret. Possibly, the strontium concentra- 
tion of seawater is altered by the dissdutioii of laige num> 
bers of celestite (strontium sulfate) radlQbiia. For cesium 
no mechanism is evident. 

The depletion ftetois given in Table 1 can be easily con- 
verted to residence times for the element in surface wafer. 
Tj. relative to transfer to the deep sea. Assuming thai such 
elements as Na. K, Mg, CI, and S are transported on^ by 
physical mixing, we can use their residence times as refer- 
ences. From simple material-balance considerations, it can 
be shown that 

7; dement « (T^ddorine) 

where Cj^^ and Tj^.^,^, are the concentrations of the element 
in surface and in deep water, respectively. Radium, for ex- 
ample. Iiecause of its fourfdd eniidiment hi deep water, 

anpLirenfly resides in surface water only one quarter the 
time that chlorine resides there. The silicon residence time 
is on tlie order of one tenth tlw chlorine lesidenoe time. 

The residence time of a relatively nonreactive eleniettt is 
about 20 years in the mixed layer for the world ocean tins 
csiimale is based upon ph> sicdl mixing ptocetses solely. 
Thus, barium or radium would have passage times of about 
5 years in the mixed layer, while silicon would be removed 
mahout 2 years. 

The variations with depth of many trace elements in sea- 
water are poorly Icnown, as indicated in Table 2. For such 
elements, another approach is needed to delimit their rea^ 
tivities in biological cycles. One possibility is to use the 
chemical composition of marine plankton. The degree to 
which a given element is enriched by marine organisms 
should be related to the importance of its transport by par- 
tictes. Three types of solid phases must be considered: 
organic detritus, calcareous exoskeletal materials, and opa- 
line exoskeletal materids. The totd ocean-wide productions 
can be estimated from the deep-water excesses (concentra- 
tion in deep water minus concentration in surface water) of 
silicate, of total dissolved inorganic carbon or carbonate 
alkaUni^, or of nitnte and phosphate. 

The deep Faciflc excesses are as foQowi: 



P 3Xl(Hmoles/IHer 

N 5 XIO-* moles/liter 

C 4XI0-* moles/Uter 

Si 2X1(H moles/liter 



Carbonate dIcaUnity 2X1(H equivalence/iiter 
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TABLE 6 Elemental CoDcantfaiion Factors for Murine 
Oiganisnu (Expreised as the Logarldun)' 



Ekmeiit nanto Aniimb 



Al 


4 


4J 


As 


} 


2 


Ba 




1 


Hv 


3 


3 


B 


0,1 


as 


Cd 


2 


5 


Cj 


0.5 


1 


Ce 


2.5 


2 


c» 


05 


1 


a 




-1 


Ct 


4^ 


5 


Co 




2 


Cu 


2 


3 


I 


0.1 




Ga 


M 


IJ 


Au 


3,5 


1.5 


I 


3 5 




Fc 


4J 


3S 


Pb 


4.0 


4.0 


U 




-0^3 


Mt 


-0.2 


-a2 


Mn 


3-5 


3.5 


Mo 


1.5 


IS 


Ni 


2.0 


3.0 


Nb 


3.0 


SJ 


P 


3,7 


4 


Pu 


i 


3 


k 


-0.1 


04 


Ra 






Ru 


3.0 


1.0 


Sc 


4.5 




SI 


13 


xo 


Ag 


3.0 


3.0 


Na 


-1.5 


-0.8 


Sr 


1.0 


0.S 


S 


-0.5 


-OJ 


Sn 


2.5 


M 


Ti 


3.5 


3.S 


W 


3.0 


2.0 


U 






V 


U 


2.0 


Zn 


iJtt 


4.0 


Zr 


3.0 


3.2 



"Concenlralion faclon for offLanisms from the open and coastal 
areas are included. Data is insufricient to ascertain differences that 
mtghl r«ull from i ystcniic variatioiit in •Icmanlal conccntntioni 
ia tbMt two marim domaiiu. 



For the total dissolved inorganic carbon, 3 X I(H moieV 

liter result from the combustion of org.iriii.: i. arhoii. and 
I X 10-^ moles/liter from ihe fallout of CaCO,. Tlie carbo- 
nate alkalinity, nitrogen, phoaphorui, and carbon data are 
internally consistent, and show that for each mole ofCaCOj 
dissolving in the deep sea, organic material containing 3 
moles of organic cail>on must be midized. The sflkon data 



TABLE? Concentntkm Factors between Seawalef and 
Plankton Ash for Some Trace Elements* 



Conotntradon Factors 
(Ulan aeawtMr per 
PUidctoit Aih 0»g^g) franw pttnkton wh) 



tilt- 


Seawaier 


Plants 




runti 




meal 


(ms/ liter) 


(Sargassum) 


Animals 


( Sargassu m) 


Animalt 


r 


88 


20.000 


20.000 


230 


230 


Ag 


a3 


0.3 


0.3 


1 


1 


Al 


1 


65 


300 


65 


300 


B 


4,450 


1.200 


140 


0.27 


0.031 


Be 


20 


120 


52 


(.0 


24 


Cd 


ail 


8 


13 


72 


120 


Co 


0.4 


3 


3 


7J 


74 


Ct 


0.5 


9 


7 


18 


14 


Cu 


2 


270 


270 


1 35 


135 


Li 


170 


« 


40 


0.04 


0.2 


Ni 


6.6 


27 


12 


4 


2 


Sf 


8.100 


8^00 


930 


1 


0.1 


Tl 


1 


26 


120 


26 


120 



'BiMd on unpubliahad data for marina plankton ipeelei from 
O. nMneMM and V. T. Bowtn (Woods Hole), H. Curl (Oregon 
Slaia). O. MdwIU (Maodieitar). and K. K. TureUan (Yale). 



.sugLgest that for each mole of CjCOj, there must be 2 rnoles 
of opaline silica precipitated. The corresponding weight 
ratios would be-dry organic material: cicOj : SX)] " 
0.7: 1.0: 1.3. 

The elemental concentration factors for marine OffUi* 
isms, with respect to seawater. are given in Table 6. 
Although there is an uncertainty of at least an order of 
magnilude in these values for nuuiy of the elements, they 
provide an entry to the problem of the dissemfaiation of 
elements through biological acliviiy Where reliable conoen* 
irationsare known, wc can estimate the deep-water ex- 
cesses of trace elements. If we assume, for example, that 
i^lement incorporated into plant tissue is released in a 
manner similar to that of phosphorus without fractionation, 
then the enrkhment values in Table 6 assume an impor- 
tance. Those elements that are reported to be enriched to 
the same level as phosphorus, or higher (Al, Sc, Pb, Fe, and 
Cr in Table 6), would be expected to have signifleant deep- 
water eniicluiient. .Such elemcnt^ -.ne -emovcd from surface 
water by sinking particles. Since phosphorus can attain en- 
richments of an order of magnitude or so in the deep ooem 
relative to the surface ocean, elements that are cr ridied in 
marine plants by even one order of magnitude less than 
phosphorus would be expected to have detectable non- 
homogeneous vertical distributions, whereas, if the enrich- 
ment of an element relative to phosphorus is down by more 
than one order of magnitude, no stpuficant vertieal- 
concentration changes are to be expected. 

Concentration factors based upon direct measurements 
of elemental contents in adied orgianisms arc given in 
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Table 7 in the arbitrary units of liters oi seawatei per gram 
of ash. On this scale, the concentration factor for phos- 
phorus is about 200 (or more, if we use the lower phospho- 
rus concentration of surface waters). These more recently 
determined values provide an additional frame of reference 
for considerations of vertical distributions of elements la 
the marine environment. 



CONCLUSION 

The chemical factofs gowemliig the diipetsion of qieelei In- 

troduced into the marine environment are in need of better 
definition, especially with legard to coastal environments. 
The involvement of many elements in primary p]»tii produc- 
tivity is not known. The comparative chemistries of oxic 
and anoxic waters warrant much additional work. The na- 
tures and roles of suspended inorganic and organic phases 
are poorly understood. An elaboration of such problems 
would provide firmer bases from which to ^stematize the 
general d^iaton piobiem. In partkulai. we see need for 
chemical investigations along the following linn: 

1 . Elemental concentrations dtoold be sought for the 

rnariiie plants that are tnii<:t impurtunt in the fLx-iii^ ii '.)f 
carbon in both coastal and open ocean areas. The relative 
importance to the coastal oceans of attached pbmtt to 
planktonic species with regard to the uptake of spedfic de> 
ments warrants attention. 

2. For the coastal ocean, the lelatife effects of interac- 
tions of introduced species with nonliving particulate or- 
ganic and inorganic phases and with viable organic phases 
should be ascertained. 

3. The disirihiilion of heavy tneials ;n t!ie o|>en ocean and 
their distribution among dissolved, colloidal, and particulate 
states should be deteimbied. 



SUMMARY 

Althou^ initially Incorporated in the biosphere, or dis- 
solved in seawatcr or associated with particles, materials in- 
troduced into the ocean are eventually removed from 
seawater and deposited on the ocean bottom. The available 
data are systematized for certain important radionuclides 
in seawater and sediments. 

Marine envifonmenu may be divided hito ooastal ocean 
(above the continental shelO and opei ocean, where the 
water is deeper than 1 ,000 m. i^ysical and biological con- 
ditiom are different in titese ocean aieas, and these in tum 
influence the behavior of the elements in the (>( e:(!i Ele- 
ments are classitied as (A) conservative elements, (B) those 



exhibiting well-developed and regular variability in coitcen- 
tntion with depth or ocean basin or both, and (C) Uioee 
whose concentration is independent of depth or ocean 
basin. Elements in class A are generally unreactive in sea- 
water. Elements in class B arc usually involved in biological 
cycles. Elements in class C are not well understood. Ele- 
ments have also been classified according to their residence 
ttane and naetlvity hi seawater. 

The coastal ocean is diaracterized by rapid mixing of 
substances, partial retention close to coast of solids and 
certain reactive elements, relatively intense biological activ- 
i^, and abundance of particles. Many reactive elements be- 
come associated with particles and are deposited near the 
continents. 

Open ocean waters are diaracterized by relative defi* 
ciency of nutrients hi surface waters and relatftw scarcity 
of organisms and particles. Elements with long residence 
times tend to accumulate in open ocean waters. Sediments 
depositing in deep ocean areas are less important as a reaer- 
voir for reactive flcincnts than are sediment deposits in 
coastal areas. Downward transport and subsequent decom- 
poaltioo of paitides it the dointaiant cause of depletion of 
the element in surfaoe waters and enrichment in subsurface 
waters. 



SELECTED REFERENCES 

These references were selected to provide bsdtground infor- 
mation about marine chemistiy and an mtrodoetion to the 

literature. 

ilailiei.C. A nirt M C, fir i ; 1966 Distribution a( tea of Colum- 
Ut River jnd loa<l ot ladionucUdes, p. 291-301. //i 
l>bpoulot rjdi 1.1 aive wastes into naStveMM, and lurfeos 
Mtets. IAEA, Vienna. 

Barlon. J. D. 196S. Radioactive nuclides in sea water, marine sedi- 
meois, and marine oqanlinit p- 425^76. In 1.9. Riley and 
G. SUnow (cd.] OMfliical aeaM«va^. Vel. 3. Aademic 
?Wis,Newyoil(. 

p 23-«0. In J. p. ROey and G. Skinow Ied.| Ownieal ocean- 

opaphy . Vol. 2. Academic Pk», New York. 
CulXin, F. 1965. The cn^jor constituents of sea water, p. 121-162. 

In }. P. Riley and G Skiitow [cd I Chemical oteanography. 

Vol. 1. AcadeiTiK Pn-ss. New \c!k 
Dietrich, G. 1963 General occanography-An tntioduction. Wiley, 

New York. 588 p. 
Diuinma, E. K. 1966. Moleculu diffusioii of nulietaotopas in iatar- 

itltiel walsi of sedtmanls. p. 3SS-3«9. /« IN«oial ef ladioeclive 

WBKas into seal, oeaam, and sedaoB «iKn. IAEA* Vienaa. 
GeUbeig,B. D. IMS. Wnar oomttanMs in saa wiisr. p. 1«3-1M. 

^ J. P. Mley and G. Skiiiow («d.l ClNniesl oceanefnpiiy. 

VoL I. Academic Pien. New Yoilc. 
Harvey. H. W. 1960 The chemistry and ftetOtty ofiea WatatS. 

Cambridee Univ. Press. London. 



Copyrighted material 



146 



RatlkHKtMty kt the Marine £m4nmnent 



Home, K A. 1 969. MwiM clMiiiiliy. Wilay Oiitccfcienee), ^few 
Yoik. S6S p. 

IntcniatioMl Atomic BnMBr A|ncy. 19$6. Vmpaad of ndioMtim 

wMcs into leai, oceutt, and aufm mun. Vtoan. 89S p. 
ICiutslcy, H. 1966. Poidbk aceamuhtfon ofdiKreie ndioaciive 

L'lcmcnls in rive: mouths, p. 16J-173 //; Disposal ot' radioactive 
v^JvIo^ into seas, oceans, and surface waters. lAl- A. Vienna 

Lowton. R J , J .\ M«tin, and J. W TallxM. 19(i(i. Oiluinsn. Jls- 
p«m jn an J sediiiicnialion in some Btitith «»iuiui«k, p. 189-204. 
In Disposal oi raJioaetlw wHies into •eM.oocaitt, and nrboe 
wateis. IAEA, ViciUM' 

OhkIwii, C In N. Ctotdull. V. Jolmon, J. Cronin, D. J«nnini|S, 
and L. Fndcfldc. I9M. Some non-WoiogiGil aipecti of Colnm- 
hk Kmt ndiMcMty . p. 321-333. /ir Di^oiri of ladioactiv* 
wtnet into acu, ocnni» and nuface waten. IAEA, ^ ~ 



Kley. J. P.. and G. Skinow |ed.| . 1965. 

Academic Piesi. New Yoik. 2 v«l. 
Tampleton, W. L., and A. rtedoo. 1966. Tkampoit and diatiitation 

of radioactive cfflnentt fat coaaial and cMuiine waten of tlia 

United Kiniidnm. p. 267-2S8. frt Dispool of radioactive wastes 

inio seas, oieiiiis, and surface ssjters. lAKA. Vienna. 
I urekun, K. K 1965 Sotn« asiwcl* of the geochemistry of marine 

sediments, p. 81-1 26 In J. P, Riley ind G. Skitmvk (ed.) 

Chemical oocanacraphy Vol. 2. Academic Preis, New Yotic. 
Turekian. K. K 1 'Xi'). 1 he ocean, streams, and atmosphere, p. 297- 

323. /n K. H. WedepotU IcxccuUve ed.] Handboolc of |eo- 

dMndttfy. Vol. I. SpfilliB^Veflat, Bcilin. 
Wedepohl, K. H. (exeettUiieod.). 1969. Handboek oficedieniitiy. 

Springei-Veilai. BoiUn. 2 wot. 



Copyrighted material 



Chapter Six 

MARINE 

SEDIMENTS AND 
RADIOACTIVITY 

£, K. Dttunma, M. G. Gross 



Sedimentaiy putidet have a substantial capacity to remove 
radionucUdes from the ocean, eitfwr depositing them on 
the bottom out of contact with riian or concentrating them 
on particles that may be picked up by rUtei-feeding organ- 
inns, Ktme of which are uaed by man for food (Templeton 
and Preston. 1 "66, Chapters 7 ar>d 8, this report). The role 
of marine sediments in these processes has been studied less 
than moft other aspects of marine radioeetivfty, is was al* 
ready pointed out by Koczy and Rosholt (1962). This is 
perhaps surprising but understandable. Marine sediments 
deposited at great depdis and far from waste-disposal locali- 
ties contain little fallout and waste activity. The explana- 
tion IS that a soluble radionuclide introduced into the sea 
wlU have a fate similar to tfiat of the natural dements (see 
Chqiler 5) and that the yearly input of radionuclides into 
marine sediments is related to the residence time of stable 
dements bt seawater. For the deep ocean this biput to the 
sediments has remained quite small since the mid- 1 950"$, 
when man-made radionuclides first appeared in large 
amounts bi the oceans. 

Because of the diverse composition of ni;uiiH> sediTT>ents, 
it is still difficult to predict a complete quantitative picture 
for areas with higfdy oontambiated seawater. It is possible, 

however, to approximate satisfactorily the ee-iera! distrthu- 
tiun and deposition behavior to be expected and the relative 
magnitude of the effects, based on biboiatoiy experiments 

and field '^rudic'i. 

To understand the role of sediments in (he uptake of 



radionuclides, it is necessary to know the capacity of sedi- 
ments and sedimentary particles, in relation to their physicd 
and chemical properties, to .sorb (or desorb) radionuclides. 
It is also necessary to know in wiiich areas of the ocean 
seiUments are Ijeing deposited or in which large quantities 
of suspended sediment might sorb and remove radioniiclidea 
from seawater. These problems will be discussed In rdatioa 
to the known mechanisms of sedfanent-radionucUde falter- 
actions. In addition, a preliminary evaluation of the possible 
role of sedimentary materials in removing radionuclides 
from oontambiated seawater will be discussed. 



SORPTION OF RADIONUCLIDES BY MARINE 

SEDIMENTS 

Sediment Composition 

Sedbnents can sorb radbMuclides of a variety of dements. 

Our limited knowledge prevents accurate predictions, but 
miportant relationships and general principles can be dem- 
onstrated. For tautanee, severd imestigators have reported 

that radionuclides ;ue mo-e .-oncentrated In fine-grained 
than in coarse-grained sediments (Hainaguchi. 1962; 
NoAlcbi and Bowen. I96S; Kautdcy. 1966; Templeton and 
I*Teston. 1966). Experiments by Duursma and Eisnia (un- 
published) with various radionuclides and mostly fine- 
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Irish Sea lediments near the pIpdiiM outlet, at Sellafleld, 

the arnotint of r.idioucttvity in different grain st/e fractions 
was nearly proportional to the specific surface area of the 
grains (Jones. I960; Jefferies. 1968). 

In sediments with large cation exchange capacities, as 
cakuiaied fmtn ihc riiiiicial curnposition (Duursma and 
Eisnia. unpublished), the radionuclides were somewhat roOfC 
strongly sorbed (Figure 2). The sorption capacity for a spe- 
cific nuclide, calculated as the distribution coefHcienl,* did 
not on the average differ by more than a factor of four 
between the sediments with extiemety high and extremely 
low cation exchange capacities. Inereased carbonate con- 
tent is slightly correlated with decreased radionuclide up- 
take (Figure 3); in part, this can be explained as reailtiiig 
fimn lower cation exchange capacities of the carbonate 
minerals. 

Scdimenu with higher iron content have larger distribu- 
tion coefficients (Figure 4). Iron in sediinents may occur as 
conc retions or particle coatings (Carroll, 1958), enhancii^ 
the formation of sorption complexes for "^Ru (Jones, 
I960). Sorption of ^*Fe, however, shows no obvikNis oone> 
lation with the total Iron content of the sedhnent used in 
the experimenu. 



FIGURE 1 Distribution coefficients {K) for ten radio- 
nuclidr^ jis i function of the median grain size (Ojq), 
In n1Kr^Mn in v^rioui marine sediments. Determined 
with tlic ttiin layer technique (Duurtnu and BoKh, 
1969); filters with 1(Mn| sediment are exposed 10 
IM ml swwaMr MWiclMd with radktnuclidei. 

Ute wariwt wdin w nti end were Himried by 
FfcMh, Gcmm, U.S., Sovtet, Itallaii, and FinnMi 
riiufgh VMMlt at Ihe fWlowIni locations (DiMirtMO 
and Ebma, wipuMsticd): 



Area 


Depth (m) 


Location 


Mediterranean 


2.710 


4rN, 7W°E 


Blacic Sea 






(used exyierutad) 


J 


44°N.3SH*E 








RomanclM Tnmcli 


7,aoo 


«*N, irw 


Pacific 


S.210 


ig*N.i»rw 


Atlantic 


4,150 


ai*N. WW 


Antarctic 


3.970 


«r$,l271S*W 


C,.j:i o( Trieile 




4C*N, I4^e 


Kcd bea 






(Discovery Otep) 


2jOW 


20° N, J8'E 


Baltic 


220 


57° N, 20°E 



gramed manne sediments demonstrated a ladi of correla- 
tion between radionuclide sorption and grain size. Uptake 

in these sediments (Figure 1 ) may he the result of ;ioor 
sorting, as there were relatively large amounts of line par- 
tides in all the samples. On the other hand, the salective 
sorption of fine particles is not always directly proportional 
to the specific surface area. It depends on the specific min- 
erab and radionuclide involved (TaUe 1). Nevertheless, in 



Radionuclide Sequence 

Some radionuclides are more strongly sorbed to sediment 
particles than others; the specific sequence varies with dif- 
ferent sediments. In s( rnc A'lantic, Pacific, and Indian 
Ocean and Mediterranean Sea sediments, the sequence of 
sorption of ladlonodides from aeawater (from those weaker 
sorbed to those straqily sorbed) was (Duursma, 1969): 

<«Ca < ••Sr < U, Pto, >37Cs < "Rb < «Zb < »Fe. 
'sZr/Nb. «*lln < •«»*Ru < "'Phi. 

The radionuclides ^^Ca and ^''Co fall somewhere between 

**Fe and ''•''Pm in the ease with which they are sorbed. 
However, in the Irish Sea. '^'^Ru is less sorbed than, for 



For tlie purpose of ihu ducuision. some relevant terms ire defined 
at follows: 

Distribution coej/icieiii A dimcnsionlcss ratig of the amount of 
bound radionuclide per unit volume of dry sediment to the amount 
of ladionvciide per nnil volume of icawatct. The valuai pcMcated 
are appaimtoqulliliitani vahHS sad ate atoet 0l4 to OlS fhovihM of 
Miat eoeffldenia defined OB a wdght teMi. The latpt the dislribu- 
Hon ooefRcient, the tttonger dw ttoding or sorption of the ndio- 
nuclidc to the sediment. 

Diffusion coefficient \ diffusion coefficient for a medium not 
in motion and in which lh« (tjinp ui f i i.Ji lAKlidrt caused t>y 
concentration gradknu tn the uiicniitial water; side leactioiu such 
u soiption ate indudad. 
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TABLE 1 Distribution of Sorbed RadkHUidides and Total Radioactivi^ in Different Size Fractions in Three Types of 
Sediment* 



Oiiiin 


SiM Fractkmi 






•""Rn 


"Fe 


"Z» 












Uut.h 


>64 


51.1 14.9 


0.0 


0.0 


0.0 


0,0 


0.0 


5.8 


0.0 


0.0 


0.3 


0.4 


Wadden 


32-64 


21.7t4J 


DO 


1.6 


3.1 


76.1) 


0.0 


3.7 


0.0 


1.4 


42.0 


3.3 


Sm* 


16-32 


9.5 ±3.2 


D.ll 


5.4 


0.0 


53.0 


260.0 


65.0 


0.0 


35.0 


66.0 


1 20.0 




8-16 


5^*2.0 


0.0 


12.0 


7.3 


370.0 


490j0 


S9.0 


0.0 


8.0 


i,04ao 


9S0.0 




4-1 


M<1.9 


ao 


16.0 


S.2 


510.0 


mo 


4300 




400.0 


10200 


S40.0 




<4 


3.7*04 




6.2 


4.7 


540j0 


U2j0 


220.0 


300.0 


97.0 


670.0 


124.0 


MediierraMw 


>M 


0 










5.2* 












off 


32-64 


3.0i 1.3 


15.0 


2.8 


41.0 


15.0 


68.0 


380.0 


24 0 


19.0 


117.0 


32.0 


MoMeol" 


16-32 


15.2! 4.2 


2,5 


1.3 


11.0 


101.0 


140,0 


5411 LI 


■:j B 


41.0 


290.0 


73.0 




8-16 


36.5 1 8.6 


7.6 


1.4 


22.0 


118.0 


150.0 


730,0 


4.5 


61 0 


150.0 


82.0 




4-« 


39.1 ± 7.5 


9.3 


2.3 


34.0 


183.0 


140.0 


820.0 


101.0 


76.0 


310.0 


147.0 




<4 


6.211.9 


i.9 


0.S 


7.a 


63.0 


97.0 


140.0 


130.0 


23.0 


160.0 


41.0 



Size Fractions 



»Wei|tat iUdkMCtivhy nCi/s dry ««i^t 



Irish Sc.i 
Pipeline 
outlet. 
SelUfkld'' 



100-300 

SO-100 

20-50 
10- 20 
4-10 
<4 



26.0 
27.4 
2X6 
14.0 
6.1 
4.0 



2.0 xlO'* 
3.0X10-* 
9.0 X 10-* 

2.5 XIO-J 

4 6 X nr ' 

6.2X10-^ 



KadkMetMty - 1.3 ± 04xlO-*f<Vcn' 



'The Dutch Wadden Sea and MtdllWUMi MdiaMnU war* Miipmdad in nMHaaticlidc-enrichcd leawaler for one maalk (SOgMdhlMItt iB 36 
Ulen of scawatei); (iie fncttom ■mn MfMMted by MdimMtatioa iMlmlqBW (l>uiimna and Eiima, unpobtabed). 

*Kof **Zn. anotkw MdlMmPMa «»difDMt WW «Md wHk 3.34k >«4|i; 33-M(t: 49.3%, 16-32 It; 1*.9% 6-14 Mi H-7*. 4-« jk and 
2.3*. <4 M. 

*Tlw Irtafa 8«t Mdlimwti mm 9xpomd Im tU Hm to radioauclldw dtwlwyd mif a>IUfl>ld (loww. I9t9). 



example, **Ztflth (Pieston, penonal communication), a 

result that agrees with ihi- figures given fnt tlie sediments 
mentioned in Table 1. Similar results have been obtained 
for firNhwater sediments (Gar der and Slcidbefg. 1964), ex- 
cept that ' ^''Cs was more strongly sorbed in fresh water. 

Details of the mechanisms controlling such sorption se- 
quences aie still unknown; theie is, liowevw, an extensive 
literature on ion-exchange processes in soils and minerals 
(see Robinson, 1962, for a discusaiOB and for references). 
The weak soiption of and ^Ca on marine sediments 
suggests that these radionuclides are involved in exchange 
reactions with their stable isotopes, which are relatively 
abundant in seawaler. Per oilier nudldes, howmier, the 
concentrations of their stable isotopes in scawatcr arc so 
low that it is unlikely that the stable forms of the elemenu 
involved play any siiiiiflcant role in ion exchange processes. 
At low concentrafions. the concentration of the stable car- 
rier typically does not greatly iniluencc the amount of sorp- 



tion of <0Co and *'Zn (Duoisma and Bosch, 1970) indicat- 
ing that exchange reactions with other ions dominate over 
ion exchange with stable isotopes of the same element. 
Processes causing sorption of radionuclides on sediment 

particles seem to he affected hy the ,-hetnical piopcrties of 
the radioQucUdes involved and by the physicochemical and 
biological oonditloos of the sediment (pit, reduction- 
oxidation state, zcta-polcntial, bacterial activity) raiher 
than by the bulk sediment composition. Jcnne and Wahlberg 
(1968) studied the processes by which ^''Sr, <«Co. and 
'^Ts .ire bound to Clinch River sediments downstream 
from the discharge from Oak Kidge National Laboratory. 
They found that i>Sr was asMxiated with carbonates pre- 
cipitated !>i situ. The radionuclide ***Co was associated with 
Mn and Fe oxides, and '^''Cs was taken up by mcorpora- 
tioa in the httice of certain minerals. Similarmineral- 

related reactions, each one highly specific, probaUy control 
radionuclide uptake by maxme sediments. 
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FIGURE 2 Distribution coefficients (K) for ten radionuclidHMd 
the tediments mentioned in Figure \ function of ealcutond 
cttioo mciHiii* capacity M, In mUUcquivalanti per tOO gramt 
(mt^/lOO i). Tka cation «iiclttntt capacity it calcuiatad as Utknn 
(DwMMiaaiid CiMn, ttnpHbtiliMd|: 



_ y* , 

100*-' 100 



9 m 



where n = % fraction <2ti.P=% clay minerai ift tllC fraction of 
<2m, andit = 100 meq/100 g for monlmorillonMc 

25 meq/lOO g for chlorite and I 

10 imq/IOOt for kaolinite 
0 maq/lOO g for otlwr minoraii. 



Vv\v>0 ' ^ ♦////.» C$ 



A Co 



■lO' 



-io» 



no* 




I I I 1 I I 1 I iinii| 1 I I n I l it ' I 

lb'* 10' I 10 lOO 

ION EXCHANGE CAPIClTY (qi 
(MCO/lOO ORAM) 



to* 



FIGURE ) Oiitribution coefflcienu {K) lor 
tan radiiMHcliiletand tlw atdimmtc man* 
tlona4 in Fi|un 1 , as a function of tiM total 
Ca * M| contant of tiM aadlmanti (Dwirania 
and Eiima, nnpobiiilwd). 



^ n'-l 

UJ 

o 
u 



'lO*' 



10 





^ ^:'vO, N , 



■ (••••M 11 1| I • 1 1 1 ■ ■ •■ I ■ ■ ii| < < ■ . I> . i .i mm ii ■■■■■|ii mmn iii.| 

5 K) S 20 25 30 35 S 10 rS 20 25 90 » 

CALCIUM {% 



Copyrighted material 



Mw/rw Stdimmts and Ra^hHKtivity 



151 



Equilibria 
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FIGUKE 4 Diitribulion coefficients (AT) for ten rviioisotopcs jnd 
the M<lim<nt* mcmioned in Figur* 1, at a funciton »f the loul Fc 
«0Mmt of titt mMtmeta (OMurima and Cbma, unpiiWIilMi). 



In sorption experimettts, the apparent equilibrium distribu- 
tion between seawatei and sediment for different radio- 
micUdee is approacfied at tfinerent rates, depending on the 

nuclides involved. The nuclides '^^Cs, ''°Sr, and ^^Zn ap- 
proach the apparent equilibrium much faster than do ^'Fe 
and »«Zr/Nb. Cobait-60. >«Ru, »*«Ce, ««Mn. and »«»Pln 
exhibit apparent teaction rates intermediate between these 
extremes. Adsorption resulting from slow precipitation may 
cause the dow reaction (teveral days) for '*Fe and **Zr/Nb. 
Sorption by cheiniciil binding or ion cxchaisgo may i.:aus« 
the relatively high reaction rates observed (several hours) 
for i^^Cs, **Sr. and ^Zn (Dinimna and Eisma. unpub- 
Ushcd). 

The term equilibriimi implies that the reactions are re- 
versible, but this Is often diffleiilt to demonstrate for radlo- 
nuc!ides strongly held by sediments. Tfie activity of radio- 
nuclides released to seawater may be so small that it is 
difficult to deteimine accurately, as in Hie experiments 
involving '**Ce- and '*'Pm-labeled sediment and nonradio 
active seawater. For ^Co, it was possible to demonstrate 
loss of the nudide from the sediment (Figufe S). In this 

case, the sorption-desorpfion process is due to several quasi- 
reversible reactions ut which the rate of nuclide loss is 
demonstiaUy slower than the mte of uptake. This ie ex- 
plainable, in part, as resulting from a set of several processe*, 
each with ditierent rates, so that the overall reaction does 
not proceed at the same qpeed when it it levet sad. 




from Mediterranean ledimcnt. previously s.usp«nded 

lo« one week in seawater | stirring) containing ^Co, ' ■ ■ 

and then resuspended m seawater VPntaMni ne 

60C, » 10 15 

(Ouunna and 8«sch. 1970). TIME (DAYS) 
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Experiments on the uptake of *'Ca by sediments show a 

stepwise set of reactions (Duur i'ij und Bosch, l"??©). Tlie 
first step is relatively rapid, occurring in the llrst few sec- 
onds or minutes of contact. The final step is much dower- 
measurable only after days or weeks -and apparently in- 
volves diffusion into the sediment particles. Furthermore, 
there it a tuggetlion of an iniermediate step tlut lequiies 
flOWafew'Tiiniites to a day for completion. This interme- 
diate reaction may result from migration of the radionuclide 
in small capilUiies between btofcen ends of crystal lattices 
or from diffusion through thin layers of organic matter 
coating the particles (Chave, 1965), or both. 



Anomalies 

Under diilcrcnt t'xp«iimcntul conditions, Duursina and 
Bosch (1969). using the same radionuclide and the same 
sediment, found thai it was often easier to obtain reproduc- 
ible results with one radionuclide than with another. Specif- 
ically. *^Co sometimes gives different results when dif 
ferent methods are used, a situation not enc^iinrercd with 
other radionuclides. Even using the same sediment, the 
amount of uptake depends on whether die sediment 
was in contact with quiet (unstirred, thin layer, or settling) 
seawater or suspended in tapidly stirred water. Each experi- 
ment came to apparent equilibrium states that were dis- 
tinctly different (Figure 6). Changing the experimental 
conditions afterwards from quiet to stirred caused the de- 
sorption of some ^^Co and the establishment of another 
apparent equilibrium. However, a change from stirring to 
quiet conditions did not result in increased sorption of the 
nuclide. Hence, in using experimental data to predict sorp- 
tion proceaw* in nature, it is necesiaiy to consider whether 
the experimental conditions approximate the expected field 
conditions and whether the history of the water-sediment 
lystems was similar prior to the introduction of ttK radio- 
nuclide. 



o--9Tam neLuriM tSEB«iiENT» 



•soumoN 
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FIGURE 6 Rewllt of t teven-week experiment in which Meditar' 
rtnetn »<diment wjh exposed under vjrlous condltioni to seawater 
containing ^Co, ffillowrcl h> .i 14c;.iv rxper i-ncni in *hich the 
conditions were changed, Note tlie relatively rapid adjustment to 
the rww conditions in expcrimant 8,bllt IMt III eXpirtllMM A1 
(I>iMinnMand B«sdi, 1970). 



TABLE 2 Distribution Coefficients ofSorptkMi far 10 

Radioisotopes as DiMem.ined under OxygBiiated and Anoxie 
Conditiolu in Blaclc Sea Sedunenf 



Radionuclide 
(AsChloiid*) 



Distribution CoeffldMtS 



Oxyieaaied^ 



Anoxic' 



Anoxic Systems 

Thus far. the discussion has been concerned only with aedl- 

menis under oxygenated conditions. Anoxic conditions 
(complete oxygen depletion) are lare in open-ocean water 
(Rkhards, 19S7) but moderately common in interstitiai 
water of sediments, especially those deposited in highly 
productive iiearshore areas. Consequently, we must consider 
radionudide behavior under amnde oonditiom. Experiments 
using BLi ck Sea sediment under oxidizing and reducing con- 
ditions show that there is little change in the distribution 
coefficients of many cadionHclides (TaUe 2). lypkal 
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changes ueivdllclNn of Fe*^ to Fe^^, which is more 
soluble even in the presence of H2S, and the possible pre- 
cipitation of various metals, such as Zn, u sulfides. (See 
Chapter S , for further discussion of this point.) 

Marine sediments in many areas have an oxygenated mU' 
face layer a few millimeters to a few centimeters thkic. 
wtiich probably is formed by Oj diffusion, burrowing of 
marine organisnu, and mixing due to currents and waves. 
Below this surface zone, dissolved oxygen in interstitial wa- 
ter is depleted. Sediment In the lower zone is thouglit to 
represent the sediment that is below the level of reworlcing 
by currenu and by physical and biological phenomena, 
wdiilc the upper zone is essentially in transit (ifayes, 1964; 
Rhoads, 1967). 

Under reducing conditions, the distribution coefficients 
are lower (Table 2) for '<»*Ru, s'Fc, '*^Pm, s'^Mn. '«7r/ 
Nb.and ''*^Ce. Consequently, these radionuclides dissolve 
tai the reduced zone and then move bito dieoverlybig oaty- 

genated zone, other radionuclides ('"Sr, *^Zn, and ^'•Co) 
are less soluble under reducing conditions, and a reverse 
transport may be expected. 

Results similar to these for stable Fe, Mn, Co, and Zn 
have been reported by Sevastyanov and VoUiov (1967), 
Brooks et af. (1968), and Predey and Kaplan (1968). baaed 
on the distribution of trace elements in intfrstitin! waters 
from marine sediments. In many reactions, the diliereni 
chemical bdiaviors under redudng conditions result from 
formation of different comptexes rtliier than from direct 
reduction of the element. 



VERTICAL MOVEMENT OF RADIONUCLIDES 
IN MARINE SEDIMENTS 

Problems 

Sediment deposits contact the overlying scawater through 
the sediment-water biter bee, a two-dimensioasl surface 

that does not facilitate efficient uptake by sediments of 
radionuclides from seawater. Consequently, radionuclides 
are added to sediment by the depositioa of particles with 

associated radionuclides or, in some circumstances, by 
movement of radionuclides throu^ the interface uto (or 
out oO the sediments. Thus, it is necessary to consider 
move rtic lit-- of r:f (111 'nuclides within the seilii-iei'ts 

Large distribution coefficients for common radionuclides 
associated with sediments and sedimentary particles indicate 
thai migration of radionuclides in the^ic deposits cannm he 
very rapid. Rates of nuclide movcmcni arc at least partially 
determined by whether nuclides sorbed by sedimentary par- 
ticles can be released to the interstitial seawater or whether 
the nuclide remains associated with the particles. Diffusion 
of radionudides into particles themselves further decreases 



the probability of subsequent radionuclide migration. How- 
ever, although the rate of radionuclide loss from particles is 
slower tfian the rate of uptake (Figure 5; Pomeroy et al, 
1966), radionuclides associated with particles on or very 
near the water-sediment interface may redissolve in the 
overlying water as well as diiTuae deeper in the sedbrtent. 



Diffusion 

Two types of movement of radionudides on the ocean 

bottom may be distinguished First, and perhaps simplest, 
is diffusion of radionuclides mio (or out of) the sediment 
owing to concentration gradients in the interstitial waters 

or ovi-tiyint] se;)\<. .itiT . ir: ciiititii:i;'.t:(Mi with sorption and 
desorption on the sediment particles. Second, and more 
compUcsled, are the diffushre processes where the medhmi 
itself may be moving. Laboratory and field experiments 
were made of the diffusion processes, usmg '^Cl ions that 
were not sorbed by the sedfanent partides (Duursma and 
Bosch. !')70), These results, combined with nbsi-n't-d distri- 
bution coefficients of sorption, were used to calculate dif- 
fiisiao coefficients for the same sediments and radionudides 
discussed earlier. The results obtained for '*C1 acrcc with 
those (about 10~* cm^/sec) obtained by Shiskma (1966) 
vataig a different approadi and In sinr measurements. The 
'*'Sr values are in satisfactory agreement with those (about 
lO"* cm^/sec) obtained for ^^^Ra (ICoczy and Bourret, 
1958). Chemical composition of intMsaiiat waters (Home, 
I'>64, p WS-4(X)> nho pl.iys an Important role in controlling 
either radionuclide bonding to sediment particles or forma- 
tion of soluble ligands. 

The resul:s of these e\perin>ents and calculations indicate 
thai diltusion m sediments is extremely slow for most radio- 
nudides. This can be seen firom Figure 7, whidi diows the 
time required for the movement of 3 !0 percent concentra- 
tion front from a constant source. Note also that the s<- 
qiHence of diffusion coefficients is the reverse of the se- 
<|uence of the distribution coefficients (page 148). In other 
words, the stronger the binding of a particular radionuclide 
to a sediment, the sniailar the diffiision coefficient and the 
slower the diffusioin prooeia. 



Current and Wave Action 

Currents and wave action cause substantial mixing of sedi- 
ment, both vertically within a given sediment mass and 
horizontally, so that sediment-associated radionuclides mtcj/ 
go into suspension from an initial depositional site and be 
moved substantial distances before final deposition. The 
upper fi»w oentimeten of cores often contahi ndkMudide 
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FIGURE 7 Ofpili iu-nrir.i: :r,.i nf j 10 per- 
cent contenirjiion tronl into i xdimetn 
from an overlying water mass wiih i con 
slant radionuclide concentration, as a func- 
tion of time, for various diffusion coeffi- 
clenu. TIte range of dlffutton coefficlmt* 
found lor varioMO olofflORU and marint Mdi- 
fiMfMLS ts ahvwn at tho right* 



cuncenlrations that are aberrant with re&pect to those at 
greater dqyOu in the cons (Bamet and Gron. 1966; 
Jefferies, 1%8). This may be caused by physical processes, 
by biological activity, or possibly by disturbance of the 
water-ndiiMnt intrnfaee during the nmplii^ opention. If 
^wcial can has not been talcen to avoid mch ditturlMMe. 



Biologicdl Activity 

Activity of burrowing organisms probably causes much ver- 
ticai movement ot ladionuclides in shallow-water sediments. 
Burrowing by benthic organisms in subtidal muds causes the 
reworking of the upper 2 or 3 cm several times annually; 
the upper few millimeters is probably cycled daily. In sub- 
tidal sjiids, burrowing occurs to a depth of 30 cm (Rhoads, 
1967). Barnes and Gross (1966) suggested that bidogicai 
activity could account for the ^parent rapid mixing of 
radionuclides in the upper 2 cm of KVMil cores talcen near 
the Columbia River mouth. 

Mixing due to biological activity can be treated ts a Ef- 
fusive process, and a biological diffusion coefficient can be 
calculated. Using data from tlaven and Moiale»-Aiamo 
( 1 %6), who studied the depth distrilwtion In setSment of 
fluorescent particles, a diffusion coefficient of about 10~* 
cm'/lK can be calculated, a result of dilTusioa plus motion 
of the medium. 

In the Irish Sea near the Windscale dis^^lurge outlet 
(Templeton and Preston, 1966), mixing by benthic orga- 
nilms mqr be the cauae of i*>*Ru penetration in the sedi- 



ments to depths of 25 cm below the interface (Figure 8). 
Assuming that tite concentration in the sediment is die inte- 
gral of continuous diffusion pruccsscs frmn instantaneous 
sources (deposits on top of the sediment) and taking into 
regard tiie decay of '^Ru, the depth of penetration indi- 
cates an apparent diffusion coefficient of about 10"'' cm^/ 
sec. which is much closer to an effect predicted troni bio- 
logical activity than to difTosion, where the coefficient for 
'"^Ru should be about 10"" to iO"" cm^/sec (Dtturams 
and Bosch, 1%9). 



Interstitial Water Movement 

Upward movement of water through the water-sediment 
interface Is Still little Icnown. However, sediment accumula- 
tion does cause compaction with a resulting upward move- 
ment of interstitial water. In the case of diffusion, this effect 
will be less than that of burial by sediment accumulation 
(see below). Probably a more important mechanism is the 
movement of water through the sediment owing to ground- 
water discharge t . in liubmarine aquifers on the continental 
nuBgpu. Evidence for submarine dischaige from both fresh 
and brackish waters has been found as much as 120 Itm off 
the Florida coast, as well as elsewhere on the continental 
shelf and slope (Manlieim, 1967). Such submarine discharges 
are especially likely off land areas with higli rainfall that are 
underlain by suitably permeable aquifers (Kohout, 1967). 
Considering tlie slow rates of diffusion, it seems probable 
flint such upward movement of water throu|^ the sedimenl- 
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FIGURE 8 CoiKcnlration of ^^^Ru in iediment core* from the 
Irish Sti (lemplcton and Pretion. 1966) (Aj at function of depth 
below the Mdimenl-watcT interface and (B) replotted as a functidll 
Of tt» squara of tlw dlfUnc*. TIm ftop* of Um lino in B indicUM tn 
•ppanm dHAiiloii cooffktoiit of 10^ cm^frtc. (CalaiiiiMtf acnrd- 
lilt t» Duunma md HMdc, 1M7.) 



water inteiface could be an important process moving radio- 
nudidei from the sediment Inck into the overlying water. 

Another posiibility in areas with higli orijanic Jebris in 
their sediments is jjas production (Recburg, unpublished 
Ph.D. theiii. The Johns Hopkios Unlvefiity), whkh may 
cau&e partial mixing of interstitial witer, resulting in iiedis> 
iribution of radionuclides. 



Burial by Sediment Accumulation 

If sediment accumulation is fairly rapid, a ^ngle layer of 
contaminated sediment will be mixed with or buried by 

later sediment deposits, thus inhibiting exchange of radio- 
nuclides across the seditnent-waler interface. Under such 
circumstances and where cunent, waves, and biological ac- 
tivities are almost absent, seJi-nenK can assimilate larger 
amounts of radionuclides than in areas where the rate of 
sediment accumulation is much lower. Figure 9 indicates 
the relative importance of diffusion of a 10 percent concen- 
tration front from a thin contaminated sediment layer and 
the cumpclmg process of burial by later sediment dqKMitS. 
Since diffusion does not proceed uniformly, the answer to 
whether the sedimentation or the diffusion is faster depends 
on the time teak of the process. The diagram (Figure 9) 
gives a rough indication for periods of 1 to 10^ yeaia. 

For most of the deep-ocean floor where sediment weu* 
mulates at rates of about I mm per thousand years 
CSverdfup e/ ai., 1942) and for the 70 percent of the 



world's continental shelf not covered by sediment deposited 
in the past 3,000-5,000 years (Emery, 196»), diffusion is 
probabbr the dominant process. In these areas, loss and 
exchange of radionuclides from the sediments to the over- 
lying seawater will be primarily dependent on the reactions 
offheradionnctides. 

On the shallow continental shelf near major rivers, where 
sediment is accumulating relatively rapidly, the radioactive 
sediment may be deposited rapidly enough that it is not 
substantially disturbed by physical processes (currents and 
wave action) and before it can be exten.sively burrowed by 
benlhic organisms. Under such conditions, thin contami- 
nated sediment layers may be covered. In parts of the 
northern Adriatic and Ligurian seas, such sediment layers 
containing fallout nuclides C^'^Sr, '**Ce, '"•''Pm, '"Eu) 
deposited during the period 1958- 1 96S were detected 
(Schreiber, l966;Schieiberef a/., 1968; Cerraifra/.,I967; 
Albini e/ a/., 1968), where depth below the interface is pro- 
portional to tlie time since deposition (Figure 10). Consid- 
ering that the diffusion coefficient of ''Sr (see Figure 7) is 
about 10^ to 10"' cm^/sec and that the diffusion coeffi- 
cient for the three rare-earth metals is 10~' ' to 1 O*'" 
cm' /sec, and further that the deposition rate is 2 cm/year 
in the North Adriatic, it can be concluded from Figure 9 
tlut for ^°Sr the diffusion should have been "faster** dur- 
ing the eight yean of deposition of radioactive sediment 
but that the rare-earth radionuclides *^Ce, '^'Pm, and 
> Eu have been covered up. 

Where low disiolved-oxygen concentrations occur sea- 
sonally in near-bottom waters, layers formed by individual 
phy toplanklon blooms and varves formed by seasonal 
changes in sediment sources can be distinguished (see 
Guclucr and Gross, 1 0f>4, for an example of sediment ac- 
cumulation under such conditions). Consequently, one 
might expect to And sediment layers containing dtetincHve 
radionuclides from a single event, such as a period of unusu- 
ally large amounts of atmospheric fallout. In oxygenated 
waters such distfaictive layers would be quic)(ty mixed with 
other noiuadioaetive sediment by burrowiqg organisms. 



RADIONUCLIDE TRANSPORT BY SEDIMENTS 

Our consideration of radionuclide transport by sediments, 
thou^ testiieltd to the continental shdf and near-shore 
waters, may have applications to deeper waters. Sediment- 
associated radionuclides are more likely to prove trouble- 
some in near-shore waters, either througlt direct contact 
with humans or through uptaice by food organisms, especi- 
ally filter-feeding organisms. Among potential deposltional 
sites are beaches, estuaries and their tidal flat areas, and 
open continental sliclves. 
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FIGURE 9 Relation between the distance at which 
It) pen; crir iiT rhc LunLencrjtion of j thin contami- 
nated sediment layer may be found and the diffusion 
coefficient, for different times after the inuantanMUt 
contamination of thb layer. Example* follow: 
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collected in the Adriatic Sea (tear the Po river mouth 
in 1966 (Schreiber <r a/., 1 968). The apparent rate of 

r 2 cm/yaar* 



t . If ttw aadniMU i> co«aml by a layar of nawly 
da p aa t iad ladiwin n la a certain liiiia (lay 10 yaawat 
■adhiMMMlMcalel caMIOyaai^, than ilia dNnmon 
ii rcsardad as "taster" (baiatf on 10 percent front dis- 
tance) than the sedimentation for radionuclide) having 
a diffusion coefficient higher than 3.5 XIO"'*' cm^/sec. 

1 Fat [he sjrtic vcdimcnt accumulation rates, the 
diffusion coefficienu foe 1 and 100 yean are 3.5 X 
10^1 cii|3/iac and 3 J XIO^ «ni2^. raipa«li«aly. 

Nata tha aftaamant far tha f» ilwr nwutli \im nfurt 
10). whara tha ladinaittatlon rate la 2 cm/ytar; far 
periods of 1 to 10 years sadlmantatloa domlnatad be- 
cause the diffusion coefficients of the radionuclides 
involved were imailer than 3 x 10~' cm'/sec (except 
farMSr). 



a m^or discharge of radioacUvi^ (T«mpleton and Preston, 
1966). The low levd of activity of the radioniiclides is prob- 
ably the result of the lack of fme-grained particles (sec 
Table 1) and the continual abrasion of the grain surfaces. 
Sediment may be moved fairly rapidly in the area between 
the breakers and ihc twacli when incoming waves strike the 
beach at an angle (Galvin, 1967). Longshore currents trans- 
port subttantlal tjuantities of sediment, and near disduuBM 
lit raiJioactivc effluent, this may ho an important route of 
nuclide movement (Templeion and Preston, 1%6). 



Estuaries 



Beachos 

Sediment deposited on beaches is more or less continually 
stirred by wme action. As a result, the sedunenu typically 

are well-sorted sands with grain sizes iif 100 to 200;/ 
(Poslma, 1967a and b; Jcffcrics, 1968). Althouglr there is 
often a pronounced landward movement of water along the 

bottom (Morse et al . I'16K), (here is commonly relatively 
little artificial radioactivity associated with sands, even near 



bstuanes act as sediment traps (Postina, \ '^bld and b). A rel- 
athfdy small fraction of rhwrbome sediment or sediment 

moving along the coast escapes in a short trnie over most of 
the world's continental shelves (Emery, 1968). Instead, 
buge quantities of fbie-grained sediment (< 100 y) accunni- 

late, at least temporarily, in the estuaries or on tidal flal 
areas (Postma, 1967a and b), where the line particles are 
passed in Urge quantities through filter-feeders (Verwey, 

I9,S2). some of them import.int as lood resources. In an 
estuannc system, sediments are susceptible to resuspension 
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ind movement by tidd or riwr currents (Conomos, 1968). 

During major floods or periods of strong wave action, sedi- 
ments are washed out from the estuaries to be deposited on 
the continental dwlf. Where there are liver deltas, the fine* 
grained sediment (<50^i) can remain suspended near the 
point where the near-bottom flow changes from a net-down- 
stream direction in the river to a net<4ipstream flow in the 
estuary (Postrna, I%7a and b). 

iClin^man and Kaufman (196S) demonstrated deposition 
of riverbome sedinMnt-asaociated ndfoniiclides ui San Fran- 
cistd 1? ;.y Radionuclides bound to river sediments may be 
desorbed when they enter the sea. De Groot (1966) and 
EiaiiB (1968) showed Fe in ni^ended matter wet de- 
sorbed at low sillDltiei and later was pndpitated in seawaler. 



Continental Shelves 

Information about scilinient movement on contiliaatal 
slielves comes from interpretation of the distribution of 
various sedimentary' characteristics. Studies of radioactive 
sediment dispersal on the continental shelf provide some of 
the best information about actual sediment movement in 
this area. Large amounts of radioactive materials discharged 
from the Windscale plant on the Irish Sea (Templeton and 
Preston, 1966) and the Columbia River discharge from the 
Hanford plutonium-producing reactors (Gross, 1966) pro- 
vide enough tracer materials to permit sediment movements 
to be followed over substantial distances, in both areas, tlie 
radioactive sediment moved generally paralle] to the coast- 
line. 

Near-bottom eunents on the continental shelf are Utde 

known, but they probably play a major role in transporting 
sediment-associated ladioaucUdes. From the few studies 
of near-bottom conents available, it appears that near- 

bultom currents lend to parallel the adjacent coast except 
near major estuarine systems, where near-bottom currents 
flow toward the estiuiy (Rumpus. 1 965 ; Temi^ton and 
Preston. I%6; Rehrer er j/.. I'»67. M>M;,e n dl.. 1%8). On 
the Atlantic coast of the United States, neai-bottom cur- 
rents are rather rimilar to the surface eunents, setting essen- 
tially southward at ihout 0.5 km/day (Bumpus, 1965). On 
the Pacific coast of the northwestern United Stales, the 
near-bottom eunents generally set toward the north, al- 
rtii iii^fi the variable surfaci- eunents set southward for 
about six months a year (Morse et al., 1968). Reported 
speeds of seabed diiflen, devices used to study nea^bot1om 
currents, are about 1-2 km 'dav Although such studies 
indicate probable directions of sediment movements, they 
do not faidieate die speed. Sediment-associated radloou- 
clides, however, may be used to determine apparent speeds 
of movement of radioactive particles (Cross and Nelson, 
1967) under certain oonditkxu. 



Submarine Canyons 

Submarine canyons appear to be the m^or routes of sedi- 
ment movement across the continental slielf (Shepard, 
l')65) Where rivers bring large amnunts of sediment to the 
ocean, frequent turbidity currents seem to empty the nearby 
canyons ai^ cariy huge amounts of sediment onto the 
deep-ocean floor. Where continental shelves are wide, sub- 
marine canyons appear to be inactive at present. Where 
riwhwt are nanow and the canyons head cloee to shore, 
they appear to have sediment continually moving through 
them by creep, sand flows, and slumps (Shepard, 1965). 

Except for a report of *>Zn and *'Cr in sediment in a 
submarine canyon near the Columbia River (Ostsiheig rr al., 
1963), there have been no reports of deep-ocean accumula- 
tion of sediment-associated nuclides from the various 
coastal dischaiges of radloaetivitjr. 



Arctic Areas 

Movement of sediment-associated radionuclides in high lati- 
tudes, where transport by ice may be mvoived. has nut been 
included in our discussion largely because of the lack of 
available information about the behavior of sediments under 
those conditioiu. However, it is known that glacially derived 
days in seawater strong sorb many commoD ladloinicUdes 
(Duumna and Eiama, unpublisfaed). 



SCAVENGING ABILITY OF SEDIMENTS 

In aieas when sediiaeats ace resuqpended by tidal currents, 
wive activity, and river currents, flieie wiD be high concen- 
trations of particles in the water. The sorption capacity of 
these paitides for dissolved radionuclidea may cause scavenf- 
ing and depoation of the radlonodides on the bottom. Re- 
moval of radionuclides from the water will depend on the 
distribution coefficients of the radionuclides and particles 
involved, (he rates of sorption, and the settling velocities of 
the sediment particles. 

Because of their settling velocities, sediment particles 
will have a relatively short time of contact with the water 
for sorption of soltiVile ir.u'lides to occur. Thus, complete 
sorption equilibrium between particles and water may not 
be achieved. This, however, is probaMy not too signiflesnt, 
because Ihe first step in the sorption process \^ relutivdv 
rapid, and lor most of the radionuclides at least 60 percent 
of die equffibrnim is achieved in several hours. 

Using data on distribution coefficients presented in this 
chapter, it is possible to calculate the effect of scavengmg 
lot a given ooncentiation of sedhnent settling througfi a 
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FICURE 1 1 Prcdicttd ralttioMblp bctwem ttw fnMtlon of tiw 
oflglinl ndlmiKliih wiiMntiitlofi nmiining in satatlon as a fimc' 
tton of tiM amoHiit «f sadiment that hu Mitlad out from luipcniion, 
for dWIiraitt dMribMim cotHkl a att. Th* aswmad dry Mdimant 
dMMitvi»3.27f/iiil. 



FIGURE 1 2 The effect of five Mcccssiva scavan0n|» by tqual 
amounti of swttinaiit wWi a damiiy (dry) of 2.27 |/ml tar a rhHo- 
mididc irttb a AMbiitloA CMfflcimt aflO*. 



« RADIONUCLIDE 
EFT W SOLUTION! 

SOX 




'^1 



l« lO' J0» "io* 

AMOUNT OF SEDIMENT F0<; 



SCAVENGING 
[rONS/km'lZOm LAYE«)J 



FIGURE 1 3 The rabtton bat ween the amoiim of 
Hdiment Mcettary to oMaIn the tame effect of *cav- 

•nging, If divided Into four pirts or if used jt iincc, 
for different distribution coefficients {derivty of dry 
M-dinient 2.27 gyml), Abscisvi indicjlet (he amount of 
scdimenl if used only once; ordinate, the total amount 
of four Mccessive trcatmenti. Note thai scavenging 
dividing up into Hibtequemly tnullar amountt has kit 
cffact when the quantities are too snail (whaft the ftrfl 
\ approach the 4S* ine). 
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cootanuoaled layei of seawatei. Figure 1 1 is a model in 
whkh the amount of radionuclide remaining in seawater 

after settling of the particles is plotted as a function of the 
concentration of suspended sediment for different distribu- 
tion coefficients. For example, 225 mg (dry weight) of sedi- 
ment per liter of seawater with a distribution coefficient >f 
10^ for the radionucbde involved will reduce the concentra- 
tion of the ra<fioiiucllde by SO percent. Repeated suspension 
and settling of smaller amounts nf seiii;Tii"n' will remove 
more of such radionuclides than a single release of an equiv- 
alent total amount of sediment (riiown by the dotted lines 
in Figure 1 2; see also Figure 1 3). 

It must be remembered that the model is based on pre- 
liminaty results using a relatively null number of labora- 
tory experiments; the postulated removals have not been 
tested experimentally under natural conditions. Scavenging 
is known to occur, however, under natural conditSons-rou^ 
weather in the Irish Sea near the Windscale pipeline outlet 
causes more rapid removal of radioactivity from the water 
and deposition in the bottom sediments fTempleton, per- 
sonal communication) 

This model is presented as an example of possible uses of 
sediments or odier solkb to lemove waterbome polhitants 

siich js radionuclides, causing them to be deposited on the 
t>oitom. Whether it is desirable to do tlus rather than de- 
pending on natural dilution and burial processes depends on 
local conditions and other factors. The results of these cal- 
culations suggest that such applications of sediments would 
be restricted to dealing with accidents or other releases in 
coastal areas such as bays, lagoons, harbors, rivers, or lakes 
(Duursnu. 1969). 



SUMMARY 

Sediments and sedimentary particles have a substantial ca- 
pacity to remove radionuclides from seawater. The particles 
may be deposited on the ocean bottom or picked up by 

fdtcr-fceding organisms that may concentrate the raiHO- 
nudides and pass them into man's food supply. 

Certain radionuclides are more strongly sorbed on sedi- 
ment particles than others. Minora! rehMrd reactions, each 
with a degree of specificity, appear to be controlled by 
chemical species of the radionudidea and the physico- 
chemical conditions of the sediments jinl seciinieiil-irv par- 
ticles. In some laboratory experiments, liie amount of 
radionuclides taken up by sediments and sedimentary par- 
ticles depends on the history of the sediment-water system 
prior to the introduction of the radionuclide, this mal(cs it 
diCRcult to predict radionHdide beiiavlor in sediincnt4aden 
water. 

RadiiMiudides may move through the sediment after de- 
position. Among the processes by which ndhnwdides move 
aie difAudon through the interstitial water, movement with 
the interstitial water expelled from the sediment by com- 



paction, and groundvmter disdiarge through the sea bottom. 
Where sediment accumulation is sufRdently rapid, the ra- 
dioactive particles may be covered by latei ;-j:-ilimentary 
deposits before these relatively slow movements can move 
the ttueUdes through the sediment-water interface. On a 

large part of the contLncnlal shelf and on much of the deep 
ocean bottom, rales of sediment acctmitilation are slow 
enou^ ftoA diffusion proceasei may be dombumt. 

Sediment particles and their associated radionuclides 
nuiy be mixed or moved by burrowing activity of benthic 
organisms, near-bottom currents, wive action, tui bidity 
currenti. Inr.Esl'.nre currents. <n by ice. 

Sediments or sedimentary particles can remove radkh 
nuclides from seawater and depoait them on the sea bottom. 

Calculations have hccn given to indicate the cft>cl of such 
applications of sediments, and criteria have been presented 
to guide the leieetionof matwtiaUtobe used in audi ippU- 
cations. 
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Chapter Seven 

ACCUMULATION AND 
REDISTRIBUTION OF 

RADIONUCLIDES BY 
MARINE ORGANISMS 

F. G. Lowman, T. R. Rice, F, A. Richards 



The transport and dutiibuUon of radionuclides introduoed 
Into the Ml are de|ieiideot upon the interaetiom of the 

water, organisms, and ledillieilts with the added material 
and with each other. The oifuusms. detntus, and sediments 
aecunmlate teveral elementi to leveh many times greater 

than those in seawater and may influence the distribution 
of the corresponding radionuclides in areas of lugh biological 
activity or rapid sedimentation. 

In the open se:i, the hotTnm sediments are far removed 
from most of the veriical water column, and the interaction 
of theie aedimentt with tur^Me^iitToduoed material miy be 
limited almost entirely to their constituting a floor for in- 
soluble particles carried down by gravity. In the surface wa- 
ten of flwie areM, the bkrta, too, may piovide iniiginificant 
mass and exert only miiuir influaooet upon tha tfanipott of 
most trace elements. 

In legionaof upwelling and in iliallow near-shore areas, 
however, biotniiss h often relatively creat The influence of 
the organisms upon the distnbuuun pjilcms of some trace 
dementi or radionuclides added from land runoff or from 
direct fallout may be significant. In the shallow near-shore 
areas, sediments and suspended particulate matter may alter 
bifdogical influences. The high degree of adsorption by these 
aediments may, however, be partly due to biological activity 
of the attached periphyton. 

In marine ecosystems, the plants and animals are in direct 
coniaci with trace elements in their environment, thus 



allowing direct transfer of elements as iom, colloids, or 
particulates at the phase boundaries between dte hydro- 
sphere and biosphere. This close relationship may result in 
rapid and strong mutual interactions between the orgviisnu 
and the environment when fluetuatiotts of biomasa or abun- 
dance of trace elcmrnls or radionuclides (xcur. Thus, when 
other factors are not luniting, the abundance of available 
nutrients controls the Uomass. Large increases in biomaas 
may, in turn, deplete some nutrient elements from localized 
areas. Not only may marine organisms alter the distribution 
of stable elements noimally present in marine waters, but 
they m."iy also influence the seasonal, horizontal, and verti- 
cal distributions of radionuclides and stable elements intro- 
duced into the tea by man. These interactions riioold be 
considered in studies of the effects of biological activity 
upon the distribution patterns of radionuclides and trace 
elements in the sea. 

The sources of radioactivity and the inorganic interac- 
tions of tlic [adiuiiuciidcs and associated stable elements 
with the sea have been reviewed in detail in Chapter 2 and 
will be discussed here only with respect to their influences 
upon the availability of radionuclides to marine organisms. 
Biological processes that result in the passage of radionu- 
clides through food webs to man will be considered, as well 
as the relative importance of physical and biological trans- 
port on the distribution patterns of radioouelidea introduced 
into the marine envitoimient. 
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INFLUENCE OF NONBIOLOGICAL FACTORS 
ON THE AVAILABILITY OF RADIONUCLIDES 
TO MARINE ORGANISMS 

Source of iUdlonudkiei 

The availability of radionuclides to the marine biota de- 
pends lafgely upon then chemical and physical forms and 
the rates and modes of addition to the marine environment. 
Most of the nuclear detonations thus far have occurred 
under oxidizing conditions. Devices exploded on or near 
the surface of land incorporated large amounts of coral, 
water, device niateiial. support structures, and air into the 
fireball, delivering larg^ amounts of oxides. In marine areas 
receiving Urge amounts of faUout, precipitation of ealdum 
and ferric hydroxides effectively scavenged some radio- 
nuclides to deeper water, out of reach of the plankton and 
pelagic animals but in direct contact nvith the bentiiic ani- 
mals. Tower or air bursts, in contrast to surface detonations, 
introduced only small amounts of contaminants into local- 
ized marme areas but contributed a mafority of the radio- 
iLiclide; ill 1 ixidi/ed form in worldwide fallout. The total 
wei^t of the stable material in this fallout was only 1 ,000 
to 10,000 times the weight of the radionuclides, and this 
ett-iTiu lv sniall amount of material would not be significant 
in scavengmg radionuclides from the surface waters. Thus, 
these radionudides would be available to the organiinis in 
the upper w;itcT^ an I would be subfect only toUmlted 
transport to the butium. 

Over long periods of time, the insoluble radionuclides 
associated with oxides of iron and mangnnesc would sink, 
however, as a result of their being incorporated into fecal 
pellets by f3te^feedi^8Zooplankton. Manganeae-S4, whoee 
stable counterpart occurs as the Mn*^ Ion in seawater, has 
been reported by several investigators to exist ui seawater 
maiiUy as particulate manganese dioxide (Slowey et al., 
1^65 . Schclskc ef a/.. 1966). Filter-feeding sponges have 
been observed to accumulate '^Mn in preference to stable 
Hn In the sea, wheieas benlfaic algae from the same area ac- 
cumulate their manganese mainly from solution (Lowman 
et al., 1967a). Ruthenium- 103 and ruthenium- 106 in world- 
wide fallout also is present in particulate forms at ratios4tO 
1 3 times those for stable ruthenium ia seawater (Dixon 
etal.. 1966). 

Nuclear explosions under the surface of the sea also occur 
under oxtdkimooinditions, partly because of dissolved oxy- 
gen in the water. Although the metd te the device and the 
support sources would provide less mass than the sodium 
diloridc in the vaporized seawater, the centers of nticleation 
would be provided by the oxides of iron, calcium, and 
magnesium. 

Underwater detonations in shallow bodies of water may 
produce mfllcient heat to convert interstitial wiler of the 
bottom sediments into steam, didodgjng sediments that 



may be incorporated into the fireball. A detonation of lliia 
type on a calcium carbonate bottom of a lagoon resulted in 
little or no precipitation of ^^Sr by the suspended calcium 
oxide and hydroxide. Although this radionuclide would be 
expected to be coprecipitaied, it remained in the soluble 
fraction. l>uring the time of calcium precipitation, the 
precursors of "Sr (4.4 sec ••Br, 3.2 min WRr) constituted 
the major isotopes of fission chain 89. and only a small 
fraction of tiie ^'Sr was available for coprecipitation. Thus, 
the chemical characteristics of the precursors of a loni-lived 
fission product ut the time of detonation influence the 
availability of the radionuchdes to the biota. 

Underground nuclear explosions, such as those tested for 
excavating, differ in several ways from detonations in the 
air. on the surface of the ground, or in the water. Under- 
ground detonations (a) introduce large amounts of stable 
elements from the vapori/ed and pulverized rocks into the 
fallout, which could cause significant precipitation and 
coprecipitation of radionuclides as well as isotope dilution 
in seawater. (b) reduce ll:c jiri: 'j;it> of radionuclides reach- 
ing the sea, since a major fraction of tlie total radioactivity 
would be adsorbed onto the surfaces of the material that 
falls back into or near the lip of the excavation (the fallout 
and cloud would contain only 5 to 10 percent of the radio- 
activity); (c) produce a redudng environment as a result of 
the presence of viip ir /i d metal from the device, support 
structure, and the casing of the drill hole, electrons fr<Hn 
iiailoo, hydrogen from fusion, and elementaiy carbon, hy- 
drogen, and nathfe metab in the veporiied geological 
material. 

Several elements, '*Mn and '•Mn, for example, would 

descend in fallout from underground detonations in a partly 
or completely reduced state and would exhibit mcreased 
solubility when added to seawater, compared to the oxi- 
dized forms. The b(»h;ivior of radioisotopes of tiini-sten also 
appears to be influenced by this type of detonation. Kadio- 
tungsten produced under oxidizing conditions was com- 
plexed tightly to the waxy leaves of land plants: however, 
no foliar or root uptake into the plant could be detected 
(Lowman, I960). In an underground detonation at the 
Nevada test site, Romney et al. ( 1 967) observed a high 
degree of uptake of radiotungsten produced under reducing 
conditions through the roots but reported no chelation 
onto the leaves. The distribution in the sea of radiotungsten 
produced imder oxidizing conditions st^gested that a physi- 
cal or chemical change occurred after its introduction into 
the water. The radiotungsten conatiluted about SO percent 
of the totd radiOKthity hi the water and plankton of an 
open-sc.i ,irea about 180 miles in diameter. About half of 
tlie tungsten in the planltton (23 percent of the total radio- 
activity ia the area) was associated with sHica. probably the 
.skeletons of marine i!i:itiii:i 5 During a second survey of the 
same body of water three weeks later, all of the radiotung- 
sten had diSMtdated from the plankton but wit etill pnaant 
hi the water (Lowman et eif., 19S9), 
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Environmental Factors 

Environmental factors may vary geographically and senon- 
ally. Biological productivity is usually higher near the land 
than in the open sea, and a greater fraction of the total 
radionuclides might be expected to be associated with the 
biota in the near-shore regions. However, uthcr mechanisms 
may operate near tlie shore to reduce the availability of in- 
dividual radionuclides to the plants and animals. These to- 
elude fractionation of radionuclides during runoff from the 
watersheds, isotope dilution, chemical precipitation and 
coprecipitation. adsorption by suspen^d and liottom aedi- 
mcnts. and vertical and horizontal diffusion. 

iistuaiiue and other near-shore areas receive variable 
amounts of river runoff from the ailSacent land mass. Frac- 
tionation of radionuclides of different elements in water 
draining from watersheds occurs because of differences in 
solubility, partide size, and adaorptive charaeteristics of the 
individual radionuclides and stable elements. Radionuclides 
that are easily dissolved or are not strongly adsorbed to the 
larger solid particles occur in the runoff in laige amounts 
compared with the insoluble or strongly adsorbed elements. 
Radionuclides present in enhaiwed amounts in the runoff 
wiD. however, usually be accompanied by the corresponding 
stable clement. In these c;isf>. isotope dilutiiu" ni.iv reduce 
the specillc activity' of the radionuclides m the niaiine or- 
ganisms near the outflows of rivers to levels lielow those 
occnrnns: in the offshore animals and plants contaminated 
by direct lallout, Allhougji (he specific activity may be 
lower in the near-shore oiganisms, lluy may contain greater 
total amounts of clement and thus more radionuclide ( Uuke, 
1967). In these cases, the total ash content of plants and 
animals living in areas of heavy lun it iiomtlielandraivbe 
two to three times greater than that in the same apeciat 
from other areas (Lowman et al., 1967a). 

Radkmuclideaadikd to the sea from river outflows are 
diluted by the corresponding stable elements normally 
present in seawater. In areas of upwelling, relatively large 
amounts of trace elements are supplied to the surface from 
the deeper layers, l^ytoplankton, zooplankton, and omnh^ 
orous iUh collected in tiiese areas often contain smaller 
amounU of fallout radionuclides than organisms of the 
same grottpa collected in other marine areas where upwelling 
does not occur (AvUa, 1 969 ). 

In areas of mixing of fresh water and seawater, radio- 
midides hi ionic form, adsorbed onto auQeaded river ledt 
ments, may be released into the esiuarlei as a result of the 
presence of electrolytes in seawater (Schutz and Turekian. 
196Sa). Colloids of iron and aluminum may simultaneously 

'Specific activity is the ratio between llic jiiiuunt of radioactive 
isotope present and the total amount of all other isotopes of that 
Mate dement, both ruUtMCtivc and stable. Moit commooly, It is 
1^ in fflicf ecwie* of ladioiMMopa per gnmi of total ateoMnt. 



be precipitated and act as scavengers tor ladionuclides, in- 
cluding 5*Fe. "Fe. *'Zn. »'»Mn, «Zr. ">'»Ce. ""Pm, 
io*Ru,and "•Ag. In areas of extensive scouring and resus- 
pension of bottom sediments by tidal currents, several radio- 
nuclides introduced by rfver waters may be adsorbed onto 
sediment surfaces. Some of the adsorption may be due to 
morganic processes, but significant amounts of added radio- 
nuclides and trace elements may be bound to sediment sor* 

faces by the periphyton fPomeroy et al.. l'^65). 

Radionuclides introduced into the surface waters of the 
open sea become distributed in the upper mfaced layer. Be- 
tween 50°N and 45°S, the oceans usually consi-i m' ;m 
upper "warm-water ^here" separated by a vertical transi- 
don zone of rapid temperature and denrity change from a 
deeper "cold-water sphere" that reaches to the bottom of 
the sea (Dietrich, 1963). The warm upper waters vary in 
depth but are often about 100 m dddc and are rapiiQy 

mixed by wind.s. In this layer the temperature, salinity, and 
density are nearly uniform. A shear zone often exists just 
below the ndxed water in the layer of rapid change bi den- 
sity. This layer, the pycnocHne, constitutes a barrier for the 
downward movements of soluble material from the upper 
mixed layer or for the upward movement of dissoWed ele- 
ments in the deeper w jums (Revelle, \^'>f> I owman, I960). 

Radionuclides introduced uito the sea exist as solutes, 
oolloida, or particuhtes, depending upon tlieir chemical 
characteristics. Soluble and colloidal forms tend to follow 
the water masses into which they arc placed unless they be- 
come associated with particles throoi^ physicochemieal or 
biological activity. On the average, the bottom is ;!t a depth 
of about 3,800 m, and the accumulation of radionuclides 
by the benthic biota from surface introduction occurs 
mainly through activity of the plankton and the sinking of 
organic debris and inorganic particulates from the surface 
waters. 



BIOLOGICAL FACTORS THAT INFLUENCE 
THE AVAILABILITY OF RADIONUCLIDES TO 
MARINE ORGANISMS 

Concentration Factors 

Biological concentration fKtors for nonconseivative ele- 
ments are generally greater than those for the major, or 
conservative, elements, v^ch are present in amounts di- 
Kcdy related to the salbiity or cMotrtnity of the water and 
are effectively traiupiuto.! iinl JiNtributcd in the sea by 
currents. Noncunservaitve elements do not follow these 
patterns, however, and marbie biologjsta have often posto- 
lated that marine plants and animals participate in the trans- 
port of these elements. This concept is based mainly upon 
die obaemtiooi that mifine oiganimu concentrate aevetal 
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elements to levels many times those in seawater and that 

the organisms often are capable of moving relatively quicidy 
in directions different from tboie of the water masses in 
wdiich they live. This was noted originally for phosphonis 
and silicon. 

Several elements occur in marine organimu in amounts 
exceeding those in the water. The term "concentration fac- 
tor" has been used in this relationship and may be defmed 
as the ratio of the concentration of an element or radio- 
nuclide in an oiganism or its tissues to that concentration 
directly available from the organism's environment under 
equilibrium or steady-state conditions. This defmition of a 
concentration factor is complicated by the fact that aquatic 
organisms do iu)t norinally derive all of their nutrients or 
radionuclides from one source but instead accumulate them 
from a variety of sources, induding food, water, and sus- 
pended or deposited sediment. Concentration factors are 
indicators only and are not absolute. They may be altered 
by biological and environmental factors. 

Polikarpov (1966), in his often-used definition of "con- 
oeatration factor," stated that tius factor is "the ratio of 
the concentration of t tadioaudlde (or corresponding suMe 
element) in the organism and in the aqueous solution " The 
restrictive character of this defmition is illustrated by his 
added statement that "the capacity of an organism to accu- 
mulate r:idi'5:K t:vf substances is expressed by the ratio of 
its radioactivity to that of the aqueous medium or the 
pKceibitfbOdWk* in which the ndionodlde was con- 
centrated." In many marine organisms, the conn'rirration 
factor IS based on the preceding food {mk. Ihe limited prac- 
tical utility of a ooocentiatloa factor concept baaed entirely 

on wntiT becomes even more apparent when one considers 
some intauiial marine organisms that do not live in water 
and do not eat "normal" food but rather live in bottom 
sedirnents and feed on JtMrirus. Because many of these 
organisms ingest large aiiiounts of sediment along with the 
oiganic detiitvs, one is faced with the problem of selecting 
the environmental basis fm comparing the amounts of ele- 
ments or radionuclides in the organisms. Comparisons of 
the amounts of trace elements in an infaumd organism with 
the amounts in seawater are not representative, since, for 
many elements, even the concentrations of dissolved ele- 
ments in the interstitial water of sediments differ signifi- 
cantly from tliose in "normal" seawater (Brooks et al , 
1968). Comparistms of elemental concentration in orga- 
nisms with the total amount of element per unit weight of 
sediment also introduce large errors due to the variable 
amounts of certain elements that cannot be metabolized 
by the organisms because they are incorporated in mineral 
nutrices that are not broken down by biological activity. 
Concentration Ucton based on compaiisons of ekmrntal 
content of marine ofgwinns with amounts of the dement 

*Enpliaiis added. 



associated with organic detritus in the near-shore areas of 
the sea may be subject to large errors. Here active precipita- 
ti<m and adsorption may occur for several elements intro- 
duced by rivers in soluble or colloidal form. Not only do 

these elements coprecipitaie and adsorb onto the surfaces of 
organic detritus, but tiwy often adsorb onto the surfaces of 
day and mineral partides that may present a greater total 
surface area than organic detritus. Sediment is ingested along 
with the food, and only a small fraction of the total de- 
ments accumulated by the organisms may have come from 
the food. The removal of adsorbed stable or radioactive 
nuclides from the surfaces of organic detritus and sediment 
during digestive processes of marine infaund bivertebrates 
is strongly influenced by pH. total electrolyte content, 
enzymic digestion of biological substrates, and other fac- 
tois that determine the degree of association between ad- 
sorbed ions or colloids and the exposed surfaces of ingested 
materid. Not all trace dements associated with organic de- 
tritus hi estuarine areas are adsorbed onto the surface but 
ir,ay li.ivc been incorporated into the living inattviiil Some 
elements do flocculate rapidly from solution or coUoidd 
suspension when river water is mbted widi seawater in estua^ 
ries. For these elements, the amounts adsorbed onto the 
surfaces of organic detritus may exceed by factors of several 
hundied the amounu Uologieally inoorponted into the 
detritus (Phelps, personal communication). 

The problem of defming "concentration factor" in ben- 
thic organisms is rdated to the complex rdationships of 
these organisms to the total available trace elements or 
radionuclides tiut surround them. Many bentliic organisms 
aie of taiportance from the viewpobit of human food 
sources inid inisy comprise an important fraction of the totd 
biomass in marine areas of economic importance (Sanders, 
1956, 1958. 1960; Sanders er of.. 1962;nidps, 1967). 

In contrast to infaun;i! jnd benthio organisms concen- 
tration factors for plankton and nekton may be based di- 
rectly upon concentrations of the elements in seawater. On 
the basis of the total oceans, plankton and nekton provide 
most of the biomass, and, oi these, the phytoplanklon con- 
stitute the largest group in terms of bothtrdiune and ex 
posed surface area. Phytoplankton accumulate nutrient de- 
ments directly from water, and their concentrations of 
stable or radioactive nuclides may be compared directly 
with the amounts in water for calculating concentration fac- 
tors without the complication of intervening trophic levels. 
Water is also the ultimate source of nuclides for the zoo- 
plaidcton and ndcton. although the radionuclides may be 
preconcentrated or discriminated against as they pass 
through one or more trophic levels before being incorpo- 
rated into the individuals of any ghen step in a food web or 
chabi. Even for those animate constituting the higher trophic 
levels, an equilibrium may be established between the ani- 
mals, their food, and Ihe amount of the element or radio- 
nuclide in the water. Because the tatervening food orga- 
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niuns approach a given equilibnum with the water and are 
in turn eaten 1^ the anlidak of the higlm tropllie level, 10 

too will the orpanisms higher in the food web approach an 
equilibrium with the amount of the material in the water. 



Turnover Rates 

In the natural environment, the capacity of an organism to 
achieve equilibrium with a Mdteauclide will be directly re- 
lated to the biological turnover rate of the corresponding 
Stable element m the organism and mvcisely related to the 
nte <rif environmental dilution. The length of time required 
for an organism to exchange half of its total content of a 
given element is referred to as the biological half-life of the 
ekmeDt. The ihorter the biological half-life, the faster the 
organism may achieve equilibrium with the water. Whether 
equilibrium has become established may be determined by 
meaairing the specific activity of the radionucUde in the 
organism and in the water (or food, if equilibrium betwsen 
organism and food is of interest). When the specific acthrlly 
of the organism is equal to that in the source, empirical 
equilibrium has been achieved.* in larger animals, the speci- 
fic activities within various organs often differ from each 
other and from that in the water for periods of time mea- 
wied in wedcs or niontht following the introduction of the 
radiomidldes, even in tettricted environments. In many 
organisms, the total amount of a given element or radio- 
nuclide may consist of several pools, each with a different 
biological half-life varying from hours to weeles (Figure 1 ). 
Since the amount of a given radionuclide in the water from 
a single introduction usually decreases with time because of 
turbulent diflusion or other causes, the different body pools 
uf tilt- radionuclide in an organism living in the area will 
low the decrease in environmental activiQr at different rates, 
each dependent upon a particular turnover rate. Under these 

conditirm^, t!u' uri;.iriism is unable to arrive at equilibrium 
with the environment. The smaller marine organisms, includ- 
ing die phytop h uikt o w and some zoopianktons, frequency 
have turnover rates for trace elements with half-times mea- 
sured in hours, in these organisms, "equilibration" with the 
duuiyng levels of a radionucUde In the water may be 
achieved. 

Although all organisms may approach equilibrium with 
the e n v ir o nm ent with respect to a given element, most roa^ 
rinc organisms in higher trophic levels probably arc not ca- 
pable of achieving true equilibrium with introduced radio- 
nuclides of medhim or diort pfay lical half-life. Failure to 
attabi equBibriuro is often oniaed \>f relathely rapid chaniM 



in environmental levels uf radionuclides in marine areas sur- 
loundbig lestiieted sites of introduction. It may also be 

»'aii<;ed by changes in vertical and lioii/unial distribution of 
radionuclides. The changes in radionuclide content in a 
ghren area of ttie open sea above the thermodbw or in estu- 

arine areas often occur rapidly in comparis.in with biologi- 
cal turnover rates,* especially tor the higher trophic levels. 
However, if a ehronie dlipoaal aituatUM exiaia for many 
years, organisms that grow up in that environment may be 
at equilibrium even with radionuclides of medium physical 
half-lives. Mauchline and Taylor (1964) have discussed 
equilibrium conditions for the longhdf-Jived '^^Csand 
'^*^Sr under these conditions. 



Surface Adsorption and Incorporation of 

Nuclides by Organisms 

The degree (o which an clement and its radionuclides are 
concentraied by an organism depends upon the {^ysico- 
chemical interactimu of the element with the environment 
and with the organism as well as upon the requirements of 
the organism. Goldberg (19S 7) showed that, in general, the 
ability of marine organisms to concenii jte metals from the 
sea paralleled the order of stability of metal Ugaod com- 
plexes, and Szabo (1967) reported that the levels of accu- 
mulation of dkaline earths by mixed plankton occurred in 
the same sequence as that for cation exchangers such as 
Dowex-SO in which the order of association is radium > 
barium > strontium > calcium > magnesium. Grim (1953) 
proposed that the control of the alkali metals sodium, po- 



* 1 he ictipioc^il c vclungi: of alonu of an elemeni twiween an oiga- 
niviii and the environment is referred to ai tumover. Turnover nta 
refen to die fraction of atomt cxdiamad par anh vM%lit of an 01^ 
iui«a in a pvM tinw pniod. The nvt nKMwnMBt ofaiomi hi or oM 
of an organism may Changs as a lesattafgiowiliecoilwrehBBaBa in 
the phy iiological condition of the ofganitm or as a coosequence of 
environmental ch:ingcs. Not all atoms of an clement that move in Or 
out of an organism are necctsarity involved in turnover. The net 
movement of atonu in oi out of an < 
foUowi: 

Uptake of siiiiiMit by < 
LosBofilsaaBtl 

L (net movement - zero, ali movement it the nsah 

of turn jvi_-r 'i 

(luinovei occutiin^ but net movement = the 
increase in amount of element in the uiganism) 
(turnover occurring but net movement • the 

In aflUMmt of slaimnt in the orgultni) 



*Tlw we of siwcfHc activity to dMermine if cquilitMluffl lus 

achieved is valid only if the radionuclide and the toricipanding 
tubte elemeni are present in the same physicochemical form. 



U 
L 

When U 

When U :> L 
When U<L 



TwMver lalas of an elMMnt in an ocisnlsni have been oMainid tr 
meatoing the amowBt of a ndMaolope of the elenmit retained hr 
(be odganiim irtwa it b piaoed in wamter not containing zadio- 

nuclide. Many Investigators have used (his method ta follow Hm loss 
of a radtonudide from an organism with lime. 
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FIGURE 1 Retention of '^Ni by the Atlantic croaker, Mfcropogoa 
undulatus, showing separation «f tha curve into two companMNs 
(A and B}. S»Ud circles rapmmt biotogkal raMiMMM |it^ cowectwt 
for phyiicil dMty); opm drdn raprfnm tffecthn nMiittoa {il£, 
net corrected for decayl. (Baptist et at., 1 910; reproduced from 
HtaltkPlifUa t8:141-14«. 1970, by permtiiiaflof liie HeaMi 
PliyiiciSoclcty4 

ussium, rubidium, and cesium in the lea involved ion' 
exchani^ reactions «4th the clay minerals of the bottom 
sediments, with retention on the clay increasing with the 
Ionic ndius of the element. Similar ion-exchange reactions 
for the alkali metals m^ occur at the surfaces of marine 
organisms. 

Several investigators have postulated that surface sorp- 
tion, including ion exchange, may play an impwtant role in 

the incorporation of trace elements into food webs by 
phy toplankton. Fur the heavier alluline earths and alkali 
metals, at leut, the major uptake mechanism probably U 
pujvidcd hy ion-excliange mechanisms, although some other 
elements niay be adsorbed mainly by chelating processes. 
Fukai (1966), In a study of the Un^ng of radionuclides on 
ion-exchan.ec resins, observed Ihni r.i.lioiiu..i::lr', of i-hnv 
mium, manganese, iron, cobalt, 2mc, and cetmm rapidly 
dissociated from Dowex-SO when the loaded retins were 
placed in seawaler. but that more than '^Q percent of all of 
these elements remauied chelated to Chelcx-100 after elu- 



RadiooctMty in the Marine Envimament 

tion with seawater. The resin shovifed an etpCClally 
affinity for transition elements. 

Altftou^ ion-exchange resins will not remove most me* 
tals from soawjtcr, the icsiiis arc capable of cxtrai:ting sev- 
eral elemenu from seawater if they are nrst converted to 
dielating resint. Carritt (l%S) reported that by absorbing 
the chelating agent dithizone onto Dowex 1 1 2x, 1 00 g of 
the resulting chelating resin could concentrate cobalt, cop- 
per, nidcel, zinc, cadmium, and lead from 2,000 liters of 
seawater before satuiation occurred (see also Boni. 1966, 
and Callahan et at., 1966). Goya and Lai (1967) studied the 
adsorption of 37 elements from water by Chelex-100 and 
observed that more than 95 percent of manganese, iron, 
cobalt, chromium, nickel, zuic, cadmium, lead, bismuth, 
and several of the lanthanides and aetinides were chelated 
onto the resin from seawater at the nalura] pH. More than 
50 percent of tlie mercury, tin, and ruthenium and more 
than 20 percent of the barium, silver, gaUhim, strontium, 
calcium, scandium, titanium, and technetium were chelated 
1^ the resin. Less than 0.6 percent of the sodium and mo- 
lybdenum were taken up, aldioui^ 1.9 percent of the 
cesium was adsorbed 

if the average concentration factors of itie mariive phy- 
tO|dankton, zooplankion, and attached algae for elements 
in seawater are plotted against the percentage of the cor- 
responding elements sorbed from the water by Chelex-l(X), 
uptalce by organisms and resin in general are positivdy re- 
lated (Figure 2) The dashed lines in the figure represent the 
subjective relationship between the two variables. Five of 
the elements-titanium, scandium, silver, gallium, and 
zirconium - appear to be concentrated by the organisms to 
values tiigher than would be expected from their uptalce by 
Chelex-IQO. Titanium, scandium, gallium, and zirconium 
share a common characteristic of being easily hydroiyzed 
and forming more or less insoluble hydroxides and ion com- 
plexes at the pH of seawater. ,A,lso included in those that 
form insoluble hydroxides are aluminum, yttiiumt iron, the 
lanthanides, and plutonium. All of these elements are con- 
centrated by plankton and seaweeds with average concen- 
tration factors as follows: aluminum, 70,(X)0; iron, 25,000; 
zirconium, 29,000; titanhun, 10,000; gallium, 5,500; plu- 
tonium. 2.200; scuidium, 1,700; oeiium. 51,100; and 
yttrium, 500. 



RESULTS OF BIOLOGICAL ACTIVITY 

Accumulation and Concentration of Elements by 
Benthic Algae, PhytopUnkton, Zoopbnkton, 
Molluscs, OvstMci, and Fiih 

The average concentration factors fbr benthic algae, |diyto- 

plankton. 70oplankton. and the muscle tissue of molluscs, 
Crustacea, and fish are shown in Table 1 . The concentration 
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FIGURE 2 Italatlon concentration Actor «fMNnl 
demmtt in algae, ptiytoplankton, and zoopUnUon to 
thdr abfonKlan fram wawatw by Ch«t«x-IOO. 
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facturs are taken from a large number of references, and 
comparisons of factors between individual elements cannot 
be naade in most cases; however, general patterns of uptake 
may be selected. Here, as described before, the alkali metals, 
sodium through cesium, and the alkaline earths, magnesium 
through radium, show a general increase in uptalce with in- 
creased kmic radius. Beryllium, however, is concentrated 
more sttoo^y than magnesium and calcium, althouglitU 
kndc ndine to much aroaller. Beryllium has several proper- 
tiei felatlng it to zinc and/or eadmium, including a ten- 
dency for covalcnt bonding, formation of complexes, and 
formation of amphoteric hydroxides. Beryllium thus might 
be expected to resemble, In part at least, the KB elements 
in enhanced uptake by marine organisms. 

In general, the elements that are concentrated signifi- 
cantly In maiine otfanlsms (Table I ) may be grouped into 
at least one of five catei;> iics Those .iro (a) structural ele- 
ments: carbon, nitrogen, phosphorus (silicon, calcium, and 
stronthim. in some eases); (b) catalyst dements: iron, cop- 
per, zinc, manganese, and coh ilt ( inckel, chromium, cad- 
mium, and silver may follow these elements); (cj elements 
eaiily hydrotyzed at leawater pH: alumtauni, gaiUuiB, aeifl- 
diuin, yttrium, cerium, plutonium, titanium, and ziiconium; 



(d) heavy halogens: bromine and iodine, and (e) heavy diva- 
lent ions: barium, radium, and lead. 

Marine plants and animals concentrate the different iso- 
topes of a given element to the same degree, provided the 
isotopes are in the same chemical and physical form.* The 
degree to which radionucUdetare incorporated into food 
webs also depends upon the availability of the correspond- 
ing stable element and metabolically similar elements and 
the plqniological and behavioral cluncteiislics of the orgi- 
nisnu in food webi and chains. Because several radhmuciidee 
arc accumulated by marine organisms to concentrations 
several thousand times the amounts in the water, several 
investigatonluve suggested that biological transport may 
be a factor in altering their distribution in the sea 

Investigations of the presence of radionuclides in the 
marine envbonment hawe been concerned mauily with the 
release of contaminants produced by nuclear technology, 
including testing of nuclear weapons, as well as reactor cool- 
ing uid fiiel pfoceniag. RndioaueBdea diet are accumulated 

'Except for lighter elenwnis, iaduding H, C. O, and S (Vogel. 
1969;UcKcnt. 1967; Mttmikli am) Vogel, 1959;Ault, 19S9a and b; 
Stuwiaan awl Epitdn. lMt:CMg, I9S4). 
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TABLL I Average Cuncentiaiion Factors lor Bentliic Algjc. Plankton, and Mollusc, Crustacean, and Fish Muscle^ 



OieiRical 
Gtottp 




Bcnthic aliie 


Phytoptankton 


Zooplinkton 


MohncMwcle 
cf SoltPiirtt 


OUStlCMII 

MiiKte 


FtahMuMfa 


U 


U 
Ma 

K. 

Rb 
Ct 
Ff 








0.28 
0.2 

• 

16 
S 


1.2 
0.3 

li 

13 

23 


0.47 

0 1 J 

I 3 

1 - 

15 


IB 


Cu 
As 

Aaa 
AU 


100 

*7w 


304HW 
23,000 


64X» 
94M0 


54)00 
7.100 

AAA 

400 


7 

Ann 

400 


1,000 
60 


UA 


Uc 

Ca 
Sr 
Bt 
lU 


110 
2 
2 

MOO 


1 ,()<)0 
2 

2.5 

17,000 
124)00 


IS 
4 

9 

900 
190 


1 

0.4 
1 

1.300 


120 
3 

140 


0.2 
U 
01 
8 
130 


ttB 


Cd 
Hg 


410 
200 


15,000 


HdOOO 


lljOOO 


4 AAA 

24100 


500 
14KM 


lilA 


B 
Al 

Gi 
In 
Tl 

Sc 
Y 


<i 

15.000 
1.300 


100,000 
0,000 


1.6 

1 00.000 

7,000 


9.000 
2,000 


12.000 
2.000 


2 

104)00 


UIB 


24X10 
4110 


2,000 
1.000 


14)00 
105 


12 


300 


750 
250 




U 

ru 


1,300 


VU.OOO 

2,600 


l,UUU 

2,600 


260 


2 

3 


3 


IVA 


c 

Ci 

51 

Ge 
Sn 

n> 


-44)00 
IW 
50 

700 


3,600 

t nnA 

2,uU0 

6,000 
40,000 


2300 
sou 

4S0 

34)00 


4,700 

CA 

90 
40 


3iOO 
- 


5.400 
20 


IVB 


Ti 

7.t 
III 


4.100 
2.200 


2S,000 
60,000 


174100 
254)00 


- 

2 


- 

2 


- 

<1 


VA 


N 
P 

At 
. Sb 
Bi 


10,000 
2,000 


36.000 
34.000 


24,UOO 
134100 


4 7.500 
6,000 
6S0 


44.000 
244)00 
400 


65.000 
33.000 
700 
















VB 


V 
Nb 
/Ti 


600 
1,000 


600 
1.000 


700 


1,700 

7 


330 
3 


tio 

100 


VIA 


S 
S* 
Te 
Pd 


1 
1 

\jm 






0.3 




1 
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TABLE 1 (Continued) 



Group 




Benthic algae 


Phytoplankton 


ZooplanktoB 


KailmcMiiMle 
or SoftFarti 


CnstoCMi 
• * > 
Mittdc 


Fkh Muicic 


VIB 


Cr 

Mo 

W 


1.600 
t 
5 


2.400 
- 


1,900 
2C 


440 
20 


100 
10 
2 


70 
10 
3 


VUA 


P 
CI 


1 
1 


1 


1 


1 


1 


1 




Br 
1 

At 


sjm 




3,000 


50 


30 


12 


VIUB 


Mb 

Tc 


2J00 


4,000 


1,500 


12,000 


1,900 


80 


VUI 


Re 

F* 
•'Co 
Hi 
Rn 
Rli 
M 


4.800 
800 

1^ 
390 


4S,000 
liSOO 
5,000 
300.000* 


25.000 
700 
3j000 
34/100* 


9,600 
600 

3 


2.400 
500 

100 


IMO 
10 

ao5 




Oa 

Ii 

Ft 















'OMa 4«l«»« ttom PoUkatvwr OM^ l^mgtoton (IM»), GoMbMi (l»M), Vlngtndon and KanlfMr (tM2), FUkal aad Mainke <IM3), 
NkMlli cral.. (19S9). and ftwn wpublklMd work of Lowmao. 
*8kMay«rar.(lMS)- 



in easOy detected amounts by marine organisins include the 
fission products 9*Zr, »»Mo, 'O^Ru. "»*Ru. «'•!. >^Ba, 
Mifg '^*Ce, and the neutron-induced r^idi niuclides ^^P. 
"Mn. "Fe, s'Fc, s'Cr, "Co, ^^Co. "Zn. »»OAg, "»'W. 
••»W. and and natural «>K. All of these radionuclides, 
except for ^^K, represent stable elements that occur in SM- 
water at much less than one part pei mOlion. If nurine 
organisms are capable of altering the distribution patterns 
of the radionuclides listed above from those expected to 
occur from physical and chemical factors in the sea, then 
they rfiould also be capable of influencing the distribulkm 
of the coriL'-,];unding stable elements. The jiresent diacuMian 
will coocern both stable and radioactive isotopes. 



Accuimriatlon and Biological TraraporC 

In seawater the nuyor or conservative stable elements are 
transported by eunants aa aohites, soluble chdataa, or di^ 

pc:wi! colloids and may undergo limited innvenicnt from 
one water mass to another by eddy dilfusion. Elements asso- 
ciated iiddl bioilagical iitaltrlal alio an dbtrtbutvd by tbCK 
praceMS but, in addition, an tiaiupofied by vertical and 



horizontal migrations of animals, are anchored in place on 
the bottom through incorporation by benthic organisms, or 
an cailied to the bottom from the surface by the effect of 
gravity on dead organisms, fecal pellets, nwulted exoikele* 
tons, and other organic detritus. 

Any influence of marine organisms (or of physical or 
cheniical prooeaaea) that changes the distribution pattern of 
an dement fitsm that of the conservative elements depends 
upon the conversion of the element from soluble or colloi- 
dal to particulate foim. For marine organisms to change the 
distribution of a (table element (or radionuclide), they nratt 
alter a significant fraction of the total clement present in 
the water in a period of time equal to or less than the time 
nqulnd for transport by water. This is most likely to occur 
if the radionuclide is introduced into an area of intense bio- 
logical activity in wiiich tlteie is a shortage of trace elements 
resulting (am a Mgfi rate of utilization. 

The rate at which nutrients may be incorporated into 
phytoplankton is directly related to the liiomass. However, 
the incorporation of nutiients ii ilao limited by the amount 
of the organic material produced. Only those nutrients 
present in the euphotic zone at any given time may be in- 
oonporatad into fht biomaaa. Aa tbc pl^topianktoa popula- 
tion lacnani, ao does the abaorpHoo of U^t in the water. 
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Photosynthesis, tiius, becomes more and more restricted to 

J thin l.iyer rk-ar (he surface in wfiicli iiuiiients are rapidly 
depleted. If veaical mixing occurs, bringing nutrients into 
the euphotic layer, the same mixing may carry phy toplank- 
ton to deeper waters where lower levels of illumination will 
reduce photosynthesis and eventually cause their death. 

In contrast to photo^nthetis. wtiich is restricted to a 
nairow layer at the surface, catabcitisrn. excretion, death, 
and decomposition occur at all depths, including the eupho- 
tic zone. Over most of the oceanic area, there is a shaliow 
upper /one of incorporation of elements, a downward 
inovenient of dead organisms and particulate excretion 
products, and a Iwoader zone of regeneration; a net down- 
ward movement of nutrients ovciirs with time, The vertical 
distribution ot the elements will depend upon tlie total 
amount of each element accumulated in the bknnass, the 
sinking rate, and the rate at which the individual clcnicnis 
are regenerated into solution. Those clciiiciit;> rcgcnciaied 
more rapidly lend to remain in the upper layers, while those 
with slower regenention rates become distributed into the 
deeper waters. 



Distribution of the Structural Elements Nitrogm, 
Phosphorus, Carbon, and Silicon 

Four structural demenls-nitrogen, phosphorus, carbon, 
and silicon-are present in phytoplanklon at levels from 
1 .000 to 40,000 times the amounts found in seawater. In 
some diatoms, the concentration factor for silica may be as 
high as SS,000. These concentration factors are of tlie same 
order of magnitude as those observed for the uptalce of 

several radionuclides b\ these and other plankton. Thus, an 
examination of the distribution patterns of nitrogen, phos* 
phorus, carbon, and silicon In the waters of areas of high 
biological productivity may provide an insiglit into possible 
effects of biological activity upon radionuclide transport 
and distribution, provided turnover rates for the nutrient 
elernenlN and the radii>coiitarniiuints are comparable 

The elements carbon, hydrogen, nitrogen, and phosphorus 
are involved in the marine food webs as essential oompo' 

nents of prottjplasm and particularly carbon and phos- 
phorus as constituents of skeletal parts and shells. In 
plankton organisms these elements are found in atom ratios 

that appr i\:rnatc H C N P^ 268: 106: 16: I (Sverdrup 
et al., 1 942), which provided tlie basis for the C : N : P ratios 
and the hypothetieai phnktonic eompoiition {C\ifi)^Q^ 
♦^Hjlift HjPO^ sjg,Ecstcd by Redfield ^r a/., 1%.^. The 
C : N : P ratios exclude carbon in calcareous structures and 
phosphorus of skeletal structures of higher forms. The ra- 
tios of shell and skeletal carbon and [jhosphuius are highly 
variable, but reasonable limits of variabUity in the structures 
may be estabUahed. 

The amount of carbon, hydrogen, nitrogen, and phos- 



phonis that can be i^otsynthetically incorporated into 
plant material, and thus ultimately into animal material, is 
limited by the available supply and the stoichiometric com- 
position of the resulting blomass. Although it has been sug- 
gested that several elements may act as limiting parameters 
for the production of the total biomass, it is increasingly 
evident that the potential producthdty of the sea is primar- 
ily a function of the availability of photpihonisor nitrogen 
or both. 

Potential fertility may be defined as the quantity of or- 

ganic matter that photosynthesis can produce in a volume 
of seawater if allowed to proceed until the limiting nutrient 
is exhausted (Redfleld tt al., 1963). Thus, the potential 
productivity is chemically limited and tends to represent 
upper limits of primary productivity. Hovravet, the limiting 
la not subfect to a sharp cutoff, although phytO|dankton 
normally assimilates nitrogen and phosphorus in the atom 
ratio of approximately 15:1 until very low concentrations 
of the nitrogen are present in the water. Even after flie ni- 
trogen is almoM completely depicted in the water, the phy- 
topiankton cell:, apparently continue to incorporate phos- 
phorus, which IS still present in relatively large amounts in 
solution (Ketchum e/ T'SSl According to Ketcham 
et al. ( l'^58). eddy diffusion may bring nitrogen and plios- 
phorus to the euphotic layer from the deeper layers in 
higher amounts than normally occurs in the euphotic layer; 
thus, the phytoplanklon could use the element in short 
supply as rapidly as it became available. In this way. the 
phytoplanklon would continue to form cells of normal 
composition and incorporate nitrogen, which apparently was 
present in extremely small amounts in the water. Even here, 
the rate at which nitroyn was supplied from the deeper 
water to the euphotic layer would exert a limiting effect. 

Tlie maximum potential productivity of the open ocean 
is probably represented by the deep waters of the North 
Pacific where the phosphate content is about 3.S X 10-* M. 
The photosynthetic utilization of all thil phoiphoIUS WOttId 
take place as shown in Table 2. 

it is evident that, in the example choaen, die total reallza- 
lion of the potential productivity of this water would bind 
all of tlie nitrate, most of the phosphate, about 10 percent 
of the carbon, and a ne^lgiUe fraction of tin hydrogen into 

the bodies of the plants. Following tl.e -.anie reasoning used 
by Redfield et al. (1963), this would result in the fixation 
of 371 mg-atoffls of carbon per m^* or 4.452 g of carbon 
per m'. If the carbon constitutes 50 percent of the dry 
weight of the plankton and tlie diy/wet ratio is 0.2, tiie wet 
wei^t of die plankton would be 44J g/m'. This la approxi- 
mately the biomass that has been observed in red tide 
Uooms (41 cc/m^, Ketchum and iCeen, 1 94ii>. if the plank- 
ton has a density the same as that of seawater, this amount 
of productivity would represent the feUowfaig concentre- 



*3J mrewmQn'x 106 (atom wtio (n eubon) > 171 ng«toai C 
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TABLE 2 Amount ol Nutrient ElemenU in "Richest" Seawatcr and the Rates of Availabihty and Utilization by 
Phyioidaiiktaii 



(I) 

ElenMat 


(2) 

mg-Atoms/m' ia 
Richest Seamiter 


(3) 

Relative Availability 
in Richett SeawtMi 


(4) 

Atom Ratio UtiUud 
in Tliyiopliiikiw 


<5) 

ReUtive AvaiiaUiity 

(3)/(4) 






1 


1 


1 




s%s 


15 


IC 


0.9« 






1^17 


111 


9A 


HOl^Q) 




30,«SIMMI0 


260 


1.3 XIO' 



tioii factors; phosphorus: 2.2Xl(y*; nitrogen; 2.4X10*; 
carbon: 2JX103; hydro^n; 0.195. 

Nowhere has the estimated anr.ii;i! production of plank- 
ton populations been observed to exceed the potential pro- 
diictMty of the richest oceanic watM cited above, assuming 
a photic depth of 50 m If the mg-atom ratios for the four 
elements in "average" seawater were used (P= 2.3; N = 34.5; 
C= 2.340; H= I.08X 10^) instead of those for "richest" sea- 
water, 244 mg-atoms or 2.93 g of carbon per would be 
fixed. This would amount to 29.3 g of wet plankton per 
m'. Hie concentration factors for the four elements under 
these conditlom would be, for photpliorus, 3.4 X 1 0*; for 
nitrogen, 3.6X10*; for carbon. 3.6X103; and for hydrogen, 
0.195 

In each case, the coocentnition factors for phosphorus 
and nitrogen are approximately 3XI0*;carl)c«i, 3XI0': 

and hydrogen. 0.2. These concentration factors are prob- 
ably reprcMntative for all of tlie more productive areas of 
tlie world. The potential productivity in the vicinity of 
Woods Hole, MassachuM;lls. might be assumed to he rel;ited 
to a concentration of phosphate oi IXlOr*' M (62 ng P/ 
liter). This could yield 2.54 g C/m^ or, in a photic zone 
50 m deep, 1 27 g C/m^. A weighted mean average for the 
region is 120gC/ni'/year(Ryliwr, 1963). This agreement 
is probably fortuitous, but it ntd^t be Interpreted as meaiv 
ing that, at the average rate of production it would take a 
year for all of tiie phosphate and nitrogen in the photic zone 
to be incorporated into the bodies of plantt and animals 
and that replacement water, if any, had the same produc- 
tivity potential when introduced into the photic zone. 

The turnover rates for nitrogen and phosphorus may 
equal or exceed, in a short-time interval, the annual average, 
and the fractions of both elements that are not passed to 
hi^ier trophic teveb or to the bottom throiqih die sinking 
of fecal pellets, moults, and dead organisms are probably 
recycled between the primary producers and the water sev- 
eral times during an annual cyde. 

Even the degree of association suggested by the annual 
average for the accumulation of other elements is sufficient 
that local poipuUtlons with movements Independent of the 



motion of the water would be expected tu cuntam and 
transport significant amounts total phosphorus and iti> 
trogen accumulated in the cupholic layer. If the marine 
organisms do indeed transport nitrogen and phosphorus in 
patterns different from those resulting from physical mech- 
anisms, they miglit also be expected to exert a similar influ- 
ence upon the distribution patterns of other elements, and 
their radionuclides, that are accumulated to the same level. 

The nutrient elements do exhibit vertical distribution 
patterns different from those of the consetvathre elements 
(Figure 3). Phosphate, nitrate and rilica aie found in the in- 
termediate and deep water in greater aniountt than in the 
euphotic layer. These three elements may be removed from 
the surface layers by the settling of phytoplankton; by in- 
cocporation of the phytoplankton into the zooplankton, 
which undergo diumd migration; or bjf excietion or lou u 
fecal pellets, moults, dead zooplaiikton, and Organic debris, 
all of wltich will sink. 

Most of the phosphorus in the animals undergoes rapid 
turnover. Varying amoutits of It arc incorporated into fecal 
pellets, other excretory products, dead organisms, and into 
the skeletal structure of fhhes. which are deposited upon 
the bottom at'tcr the death of the auiniiil. Skeletal apatite 
slowly dissolves in the deeper parts of the ocean, and a large 
part of the phosphorus is eventuafly returned to solution in 
these areas. 

Upon the death of phytoplankton and zooplankton. 
phosphorus appears to t>e regenerated back into the water 

slightly more rapidly than nitrogen, m l riitogen more rap- 
idly than carbon, since the C ; N ; P ratios mcrease with 
depth (Richards <t of., 1965; Hobn-Hansen ef of., 1966; 
Vaccaro. 1963). However, the relative regeneration rales of 
carbon and nitrogen may vary according to local conditions, 
since Menzel and Ryther ( 1 964) observed low ratios of car« 
bon to nitrogen below the euphotic zone to depths of 
4,000 m and reported that similar conclusions could be 
derived from the date of Parsons and Strickland ( 1 962). In 
:iriv c'oiit. the turnover rate of phosphorus is sutTiciently 
tapid that large variations of phosphorus concentration with 
time of day have been noted in Chesapeake Bay (Neweombe 
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FIGURES Thc«wtlcildlflrlb«lm«r 

phosphate, nitrate and ttllca In the Atbnile, 

Pacific, and Indian ci.L-jnK 'Reprinted wWl 
permiuion from Sverdrup et a/., 1 942.) 



and Lang. 1939). with the phospliate in the surface waters 

decreasing slowly after sunrise from 13 P/liter to a mini- 
mum value o(3iig P/liter at 3:00 p.in. After sunset, the 
phosphorus increased rapidly to maxlnnnn values about 2 
hours aftc'i niidiiigju Ni w. ninSx' and Brusi (1940) reported 
similar ob$ervation&. Phosphorus is also turned over rapidly 
in dead or dying phy toplankton. HoiTman ( 1 956) reported 
that, upon the death ot' diatoms, autolysis rapidly released 
up to 25 percent of tiie total pho^>horus as inorganic phos- 
phate. Raymont (1963) obaerwd tliat immediately afbn 
death of phytoplaiiktoii abmii one third nf -.he total phos- 
phate was released as dissolved organics and that within 2 
days, 70 percent of the remaining phosphonis was reminer- 
alizcd. Metuel ami Kv;het (1964) staled that, in comparison 
to carbon and nitrogen, phosphorus was regenerated very 
rapidly, since no phosphoroi wn found aaiodalad witii or- 
ganic particulates at depth* bdow200min the westem 
North Atlantic. 

In tome cases, the regenenUon of phoaphoras hi zoo- 
plankton may be even more rapid than in phyfurtlankton. 
Pomeroy et at. (1963) reported that zuoplarikton were ca- 
pable of excreting I W pment of the contaiiied phoapboiai 
dail\ ;i I ifce parr of which was apparently tied up in soluble 
organic compounds and was not excreted as phosphate. 

The regeneration of silica from diatom skeletons might 
be expected to differ from phosphorus in that the regenera- 
tion of phosphorus and nitrogen involves the removal of 
both elements as constituents of organic matter. In addition, 
7.ooplankton incorporate phosphorus and nitrogen, but not 
sUica. The sdica tests are ejected and would sink to dissolve 
at greater depth while the two other elements would be 
tained in the upper layers (Kedfield et al., 1963). 

In summary, the vertical distribution of phosphorus, 
nitrogen, and silica in the sea is affected by biological trans- 
port, and the concentntions of the three elements are not 
related to salinity or the dbtribution of the conservative 
elements. The vertical distributions of the three dements 
differ in the Atlantic. Pacific, and Indian oceans (Flgvie 3) 



but fdlow a generaUy similar pattern. Fhosphorus, nitrogen, 
and silica are usually present in the surface waters in low 
amounts or are depleted and rise gradually in value to a 
maximum for phosphorus between 300 and 1,000 m, but 
for nitrogen and silica the maximum is at 1,000 m or deeper. 

Carbon is concentrated by ptqrtoplankton at factors 
about an order of magnltttde lower thuji piu :phonis or ni- 
trogen, and only .ibout 10 percent of the available carbon 
dioxide is utilized under conditions of maximum uptake. 
The total amounts of carbon dioxide increase with depth 
because of its incorporation Into plants in the euphoric 
layer and the producti<»i of carbon dioxide when dead ma- 
terial is oxidized at deeper levels. Low oxygen concentra- 
tions and pH V ilnt- , in areas with relatively large amounts of 
carbon dioxide tend to characterize water masses that are 
poorly ventilated and that receive large amounts of deciy- 
ing organic matter (Skirrow, 1965). Carbon dioxide con- 
tent of seawater often increases measurably with depth in 
the first few hundred meters. Keding et «/. (1965) wported 
:ih'i?r. ;Minns frnm the equatorial Pacific in which the carbon 
dioxide increased from 310 ppm in the top 100 m to a value 
of 620ppmat4S0m. 

The oxidation of carbon compounds appears to proceed 
more slowly in those containing nitrogen (i.e., the proteins). 
Thus. Menzel and Ryther (1 964) observed that the C:N ra- 
tios in nonliving detritus collected in the euphotic zone 
were the same as those in living phy toplankton : N 
il.S: I in January and 5 3. 1 in April). In the deeper wai- 
ters, to depths of 4,000 m, the C ; N ratio decreased to 
2.S : 1 . The average C . N ratio for protein is about 2.9 : 1 
(Sverdrup et al., 1942). Menzel (1967) reported, however, 
that the surface standing crop at any given site had no influ- 
ence on the amount of organic particles directly below— 
that flie distribution of organic particles in ail areas of the 
sea was homogeneous in the deeper waters and tlut no con- 
sistent decrease hi dissolved carbon occurred with depth. 
Kedfield (1942) considered that, in the North Atlantic, the 
high nutrient levels at depth were derived from material 
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sinking at the Aotartic Convergence. Sheldra et al. (1967) 
also foand that between depths of 200 and 4,000 m die 

amouni of particulate carbon was constant in different areas 
of the sea. Hobson (1967), however, observed seasonal and 
vertical variations in particle concentrations in the north- 
east Pacific Ocean. He tentatively attributed these variations 
to differences in the production of particles in the euphotic 
zone and their udMequent linking and hodzontal tfampoct 
by conenti. 



Uptake of Nonstructural Elements and Their 
Radionuclicles by Phytoptankton 

Twenty-six elements have been reported to be concen- 
trated in maiine ocganiama by bctort approximately equal 

lo or greater than that for carbon. In addition, plutonium, 
which occurs naturally in only insignificant traces but is 
ptoduoed by mm. hat been obaerved to be Mcwnnltted Iqr 
mixed plankton to levels 2,600 timeadioae in flteMffOUOd- 
blg water (Pillai et al., 1964). 



Those elements that are concentrated at least 1,000 
times fai marine phy loplankton are diown In TaUe 3. Alto 

shown are the radioisotopes most likely to be formed by 
lission and by activation by neutrons, protons, deuterons, 
and alpha particles. Except for a few ndionueUdet, only 
•h JSC resulting from fission and neutron activation would 
be produced in relatively large amounts. Of the 2S radio- 
nudidet Uited, "Al. ^'Ai, **Cii. I, and ^^Sc have ihoft 

physical half-lives and would undergo physical decay befofe 
biological transport could significantly alter their distribu- 
tion in the oceans. Of the remaining midldes, two, *i*">Cd 
and *'Ni, would not be produced in large amounts by 
known sources (Beasley and Held, 1 969). Thus, 7 of the 
2S radionucUdei listed in TaUe 3 would not have radioiao- 
topes subject to significani hiological accumulation and 
may be eliminated from furtiier consideration. The remain- 
ing 18 ndionucUdet indude aeveni of known biological 
importance. These indude "P. **Mn. 5*Fe, "Ff 'Tn 
SB(^o, ^Co, and ^'Zn. The radionuclides of elemenis iliat 
do not have known bkiloRkad ftmcthint mchide ^Sc, **Zr, 
"Nb, <"""Ag, '^^Cc'ioPb and"'Pu. 

Of special interest is the observation that, of the above- 
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Radiomidi 
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Principle ReaCttOA 


Reported Conomtnllm 


Ekmuu 


R Mfa>n uciidg 


HairWa 


for Production 


inPtiytopianltton 


Al 


"Al 


2.31 min» 


^''AI in.y) 


1X10> 


As 




26.4 hi* 


(11,7) 




Be 


'Be 


53 6 day 


'Li (d. n)* 


1X10> 


C 




5.730 yi 


(n.p) 


4X10* 


Cd 


llStncj 


43 day' 


"*cd(«.'r)» 




Ce 




273 day 


Pillion 


9X10* 


Ck 


"Cr 


17.Sday 






Co 


"Co 


270 day 


**F«(d.a) 








»*Fe(p.7) 




Cb 




71,3 day 




ixlO' 


Co 




S.:6 yr 


'■^Cotn.-r) 


ixio> 


C» 


MCe 


12.R hi'' 


*^Cu (n,T) 


3X104 


1 


'"I 


8.05 day" 


Fission 




Fe 


»*Fe 


2.6 yr 


5*he in.y) 


4X10* 


Fe 


*»F« 


4S.6day 


"Fe (n,Tf) 


4X11)4 


fh 




204 yi 


4X10* 


Ha 




303 day 


S*Fe(d,«):^Fe(n.p) 


4X10^ 


Nl 


•'Nl 


92 yi 


«NI(ii.T)* 


5X10^ 


Nb 


•«Nb 


3Sdiy 




IXIO^ 


P 


Mp 


14.3 day 




3X10* 


l*H 


"'Pu 


24.4 yr 


'^'U (n,7) 


UXIO^ 


Sc 


46Sc 


83.9 day 


**Sc(n.->) 


2X10' 


Se 


47sc 


343 day* 


Ibughter ^^Ca 
**Ca (n,-,) 


2x lo' 


Ag 




2S5day 


••"AgCn.i) 


:x 10* 


Za 


«Zn 


MS day 


**Zn(a,7) 


2X10* 


Zr 


•«Zr 


65 J day 


FildM 


6X104 



'Radloavclide hu too short ■ half -life for effective biological Itansport 

*No known <ource of large-tcale production Small-scale produclion r r ^^Ni rrportrd by Dfiilly Hid HiM, 1969. 
Pb reported to be formed in explosives used for peaceful uses of nuclear explosives. 
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libtcU radionuclides, all except ^'^Pb have been reported to 
be concentrated by marine organisms from radioactive con- 
tamination introduced into the sea from nuclear weapons 
te&t sites and from outflows from production reactors and 
reactor fuel reprocessing plants. Leud-210 has not been 
produced in sufficient amounts by nuclear explosives to 
have been studied in detail. Naturally occurring ^'^'Pb htt 
been reported in marine organisns (Beadey «r ol^ 1969). 



Biological Transport by Zooptanlcton 

Phytoplankton and zooplankton are the marine organisms 

most likely to intluence tlie distribution patterns of radio- 
nuclides introduced into the &ea. These organisms constitute 
the largest biomass, have the greatest total exposed biologi- 
cal surlaco jtcjn. oxhihil the higfiosi crmceniralion factors 
and turnover rates lor many trace elements, and, in the case 
of zooplankton, migrate vertically. The magnitude and ex- 
tent of diurnal vertical migration of zooplankton living in 
the upper layers, however, is often overestimated, and the 
plankton pojnibtiom ate sometimes considered to corn- 
spond (o a large biological "blotter." which daily moves up 
and down to great depths, scavcngmg and redistributing 
ndionucUdes and trace elements in its path. 

Planki<iii, to significantly alter the distribution of radio- 
nuclides from that caused by physical and chemical pro- 
cesses, must effectively transport the material at rates com- 
parable with movement due \ii currents, turbulent diffusion, 
density gradients, and chemical precipitation or must alter 
the availability of the radionuclides for phydeal transport 
processes, Bioloi;ic:i! traiis^ vt Tti;!\' Iv aci omplished by 
direct uptake and loss of liie rauionuciid^ jccompanicd by 
horizontal or vertical movement, by the excretion ol local 
pellets, and by the sinking of moulted exoskeletons or dead 
ot moribund plants and animals. 

Direct transport of radionuclides by vertical migration of 
zooptanlcton is dependent upon the ability of the oiganiants 
to travel relatively great distances in comparison with their 
size. In many areas of the world, the upper mixed layer is 
30 to 100 m deep, and effective transport by the plankton 
may thtis occur only if they migrate vertlcaUy beyond this 
depth. 



Diurnal Migration uf Deep-Water PLinkton and 
Biological Transport Up from Depths 

Vertical migrations o^ . " plankton through great distances 
have been reported lor some species, and the importance of 
these migratxHis has sometimes been given undue empha- 
sis, since these qiecies constitute only a smaO fraction of 



the total zooplankton populations. Zooplankton exist at 
great depths in the sea; however, their diurnal vertical mi- 
grations are usually limited to a few hundred nieten,and the 
ratio of their volume to that of the water is usually of the 
order of 10^. An)phipods. copepods. and ostracods have 
been collected from depths of 6,000 to 7,000 m by Russian 
investigators (Wolff. I960), and concentrations of zooplank- 
ton have been observed at 1.500 to 2.000 m in the Atlantic 
(Leavitt, 1933). A signiflcant fraction of these deep-living 
zooplankton undergo migrations althou^ the depths at 
wMchlhcy live preclude regular excursions into the upper 
mixed layer. Waterman er a/. ( 1 939) showed that amphipods. 
decapods, euphansids, and myalds migrated from 1 ,000 m 
upward to 200 to 600 m, and Bainbridte ( I'JSl) reported 
that tJie upper limit of migration for Thysanopoda acuii- 
fimis and Aemthephym purpurea was about 200 m below 
the surface. The zooplankton from the deeper waters 
would, therefore, exert much less effect upon vertical trans- 
port of surface-lntrodaeed radionuclides than the animals 
in the upper layers, because those in deeper waters consti- 
tute a relatively small portion of the total population, and 
most of them do not pass into the upper mfaced layer. 

Keichum and Bowen (1958) calculated the relative effec- 
tiveness of vertical transport of elements upward from the 
deeper waters by biologieal and physical processes udng 
the mean residence time of 300 years (Craig. l'>^7) in the 
deep water (assuming an average depth of 3,800 in and a 
tOCkn upper mixed Uyer). They reported that a oonoenti»- 
tion factor of 340 in zooplankton would be required for 
upward biological transport to equal tiiat provided by phyv 
ied transport. The numerical values used hi these cekula* 
tions, however, represented conditions that would result 
in neBr-^xiinuin biological transport. TTtey probably are 
not tyi^cal of the usual conditions. The ratio of zoophnkton 
volume to water was assumed to be 10^ and corresponds 
to the biomass of zooplankton found in areas of upwelling, 
whidi aie sites with high rates of biological productivity. 
In many areas of (he sea. smaller amounts of zooplankton 
are found. In addition, plankton in deeper waters are usu- 
ally present in smaller quantities than In the suifa.e layers. 
Bogorov ( 1946) found that 95 percent of the zooplankton 
in the Artie seas lived in the upper 200 m and only S per- 
cent of the total were below thk depth. Even if the zoo- 
plankton in the deeper waters constituted four times this 
xmmmt, the results cited above would be higli by a factor 
of four. 

The calculations were based upon tts piemise that the 
anbnals reached equilibrium with the radlonudides during 
the time spent in each water layer. Thr w il j require rapid 
turnover rates. In a study of zooplankton contaminated with 
radlonudides, Koenzler (1965) found hourly turnover rates 
of 1 to 6 percent of the body pool for '"1, '"Mn, ^"Co, 
^Co, ^^Fe, and ^^Zn. In the copepods, which constituted 
62 percent of the total zooptankton, the ntea were 2.4 per- 
ceot/hr for 1, 4 J peroent/hr for *"Co and "Co, and 
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1 .2 percent/hi for ^*Zn. Turnovei tates of this magnitude 
could result In oiguiisim appnMdilRg ecpiUibrium at leut 

for cobalt, if the observed rale; of turnover were maintained 
continuously. These values, however, as well as most others 
tiut have been reported, weie measured at surface tempera- 
tures At these teiTiper3tUTe<; the turnover rates are 1 .5 to 
3.5 times those that occur m the deeper, coaler waters con- 
sidered in the calculations. If those factors are taken into 
account, as well is the effect of vertical plankton distribu- 
tions, concentration factors of about 10* would be required 
fur biological transport upward to equal piqrsical tniuport. 

The average ratios of zooplankton volume to water in 
different marine areas have been tabulated by Ketchum 
(i9S7). Shown in Table 4 are the locations, the zooplankton 
bioRiass, and the concentration factors required for a rate of 
biological transport upward that would equal physical trans- 
port. The concentration factors are corrected for tempera- 
ture and vertical distribution of plankton as described 
previously. 

McLin ijuiKLntration factors (CF) in zooplankton rarely 
exceed 10* , as shown in Table 1 . Elements that are concen- 
trated to the highest level by zooplankton Include slundnum 
(CF 100.000). zirconium (CF 25.000), nitrogen (CP 24.000), 
titanium (CF 1 7,000), phosphorus (CF 13,000). and iron 
(CF 25,000). Only zirconium, phosphorus, and iron have 
radionuclides that are normally produced in nuclear tech- 
nology. For these radionuclides, biological transport from 
the bottom waters upward would be rignificantly lower 
than physical transport in all open ocean areas cited in 
Table 4 because of the relatively low concentration factors 
that exist for these elements. In the nearshore areas, taidud* 
ing the Gulf of Maine, coastal waters. :in J (In- Nurtli .\frican 
Upwelling, physical transport from deeper waters to the 
surface is at least one order of mapritude greater than the 
Atlantic average, and here also, phys;cal tiiinsport would be 
more effective than biological traiuport in moving radio- 
active contiminanti from the deeper wtten to the lur&oe. 



Diurnal Miration of Zooplankton from the Upper 
Mixed Layer and Biological Transport Down firom 
the Surface 

Although zooplankton in the deeper waters may not con- 
tribute significantly to the transport of raAoectivit\ friini 
the bottom to the surface, surface-living ^lecies may tiansi- 
port relatively large amounts of radionuclides downward. 
Several authors have reported that the greatest .inmunts of 
zooplankton arc found in ihc top 800 m of the sea and that 
most of the animals appear to live in the top 400 m. 
Johnson (19S7) reported that during the daytime a major 
part of the diurnally migrating plankton was concentrated 
in one or more horizontal layers down to 400 m. Bogorov 
(1946), as mentioned before, observed that 83 percent of 
the zooplankton lived in the top 1 0 m of Arctic waters, 
while 12 percent lived between 10 and 200 m and 5 percent 
lived between 200 and 750 m. This general pattern of verti- 
cal distribution does not appear to be Umlted to the polar 
regions. Eraser ( 1 936) showed that the larval stages of 
£ivtewsto superba lived at about 200 m and migrated up- 
ward dhimally. The young stages of the same species re- 
mained near the surface and did not migrate vertically at alL 
Qdama fianwrdiiaa, the major copepod in the North At- 
lantic, occurs fai surface waters at night and migrates down- 
ward to a midday depth of about 70 m (Nicholls. 1'','") 
According to Farran (1947, 1949) marine ostracods appear 
at two levels, one at 1 00 to 300 m and the other at 2S0 to 
400 m. Michael (191 1) showed that Sagitta hipiinvtata mi- 
grated between the surface and a depth of 50 m off Cali- 
fornia, and Harihr and Gunther (1^6) reported that the 
arnphipod Parathcmhtn migrated from the s.irface to a 
depth of 80 to 100 m. According to Bainbridge (1961). the 
available data showed that most marine copepods migrated 
vertically 50 to 150 m but that vi :r- mI rnoveriient.<; could 
not be demonstrated for Anomaiocera patersoni, Rttincala- 



TABLE 4 Biomass of Zooplankton in Different Marine Waters" and the Concentration Facton Re^Uied for Zooplankton to 
Transport Radionuclides Upward at a Rate Equal to the Physical Transport 



Location and Character 


Volumes (cc) of ZoopiaiilchMi/ffl^ 


Cooeamnrtioii Factors Reqiuired for Eqnal 
Biolofical and Phyiical Tranpott Upwaid 


Sai>;j.sso Sea 


0 006-0.09 


75.000-1,000.000 


tastcrn Norlli Pjcitic 


0XM2 


55.000 


bastern tropical Pacific 


0.1155 


40.000 


Peru Current 


0.124 


55,000 


Gulf of Maine 


ao8-i.o 


6,8O»-8$.000 


Coaital watan 


(MM-at 


8^00-83,000^ 


North AMcanUpwalUng 


1.0 


6.M0 



"Data rrom Ketchum ( I S7 j 

^Nol directly spplicabte becatue the raics of vertical transport ftom pbytical proccsM* in thcM araas greatly exceed the raiet lued for the open 
■n. Tk* cmcaatralhm Ikelon atwrni an conwfondlnif y low. 
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frigida, and Centropages rypicus. In some cases, zooplaiiktcm 
will not move into the upper mixed layer frum de«p6r WIp 
ten if a Iheimocliiw is present (Clarke, 1934). 

The obwtvations cited above, and otheis. suggest that 
the majority of zooplankton inhabit a relatively thin upper 
layer of the sea. This should be expected since the upper 
few meters constitute the site of major food production, 
txccpt for the settling of moribund and dead phyltiplaiik- 
ton, the herbivorous zoopiankton must feed in the upper 
layers of the sea. rince net production occurs only above 
the level at which the oxygen produced hv i^h' i isynthcsis 
equals that consumed by metabolic processes m the auto- 
trophs. In the temperate regions, this depth Is usuaHy S to 
50m(Marshall and On, CIj:'.;.- I ''-if,) althoiigliit 

may extend to 150 m in tropical waters (,Kiley el al., 1 ^9; 
WImpenny, 1966). 

Soluble-colloidul radionuclides introduced at the surface 
of the sea distribute through the mixed layer by physical 
processes but do not diffuse rapidly down thiou^ the 
pycnoclinc. Those phmkron tli:-.t normally live below the 
mixed layer must move into the upper mixed layer to be 
able to accumulate radionuclides dinctly from the water or 
to feed upon contaminated phytoplankton. If they derive 
theii food fioitt sinking organisms, detritus, or particulate 
excretory products or if they pray upon soopiankton that 

have moved down from the mixed layer, then the food 
must have been m the upper mixed layer in order for these 
deep4ivlng zooptaiikteis to become lignifleaiitly oootami* 
naied. 

Large sources of detritus would be required in the upper 
zones of the sea to support significant populations of 
detrilus-t'ccdins zooplankton The food for these animals, 
derived from plants and anunah livuig in contaminated sur- 
face waters, would contain varying amounts of radionu- 
clides. Incorporation of radionuclides would occur throug:h 
metabolic uptake by the food organisms or through accumu- 
lation directly onto the nonliving debris by adsorptive pro- 
cesses. Detritus often accounts for from 40 percent to more 
than 90 percent of the suspended organic particulates in 
the upper mixed layer where phytoplankton are most abun- 
dant (Krcy, 1961), and this nonliving material may provide 
signiticanl amounts of food and radionuclides for omnivores 
if its origin is in the upper mixed layer Because the primary 
source of food is in the surface layers of the sea and usually 
decieaaes in amount with depth, it is not surprising that the 
herbivorous and omnivorous zooplankton live mainly in the 
upper waters. Carnivorous zooplankton must feed where 
their prey are avaflable, and although they may have a 
greater vertical range than the omnivores and herbivores, 
they, too, often tend to become concentrated in the upper 
layers. 

Zooplankton living in the upper mixed layer metabolize 
radionuclides whether or not they migrate into deeper wa- 



ters during the daylight houn. For those zooplankton that 

do not undergo vertical migration in and out of the upper 
mixed layer, all of the biological transport of radionuclides 
nito die deeper water would result from the influence of 
gravity upon fecal pellets, moulted cxoskelctons, and dead 
animals. At equilibrium, the only fraction of the ingested 
radionuclides that would not be carried down by this mech* 

anisni would be that inci. [)>''• .ited by growth and the 
amounts excreted by the animals back into the water of the 
mixed layer in soluble or colloidal form plus the fraction of 
the radionuclides dissociated into solution or colloidal sus- 
pemiion from the fecal pellets and moults as they settled. If 
migrating and noamigrating indhriduals feed at equal ratct 
in the surface Wllen, individuals that migrate downward 
diurnaily from the mixed layer would not incorporate as 
much radionuclide into their body structure or into fecal 
pellcrs I'cr 24 hours as would those animals not migrating, 
because of the shorter time spent in the contaminated zone. 
In the migrating forms, only a fraction of the total faigesied 
radionuclide would be transfwrted by vertical migration. 
The remainder would be tran^orted by fecal pellets and 
moults. Staioe filtration rates of zooplankton generaOy de> 
crease with decreased temperature (Raymont, 1*56.1), the 
zooplankton remauung in the warmer surface waters would 
ingest more food per day than thow migrating to the colder 
deeper waten where thdr metihotic rates would alao de* 
crease. 

One of die most definitne investigations of the role of 

zooplankton in the incoipoiation. turnover, and transport 
of a radionuclide by vertical migrations in and out of a con- 
taminated marine environment was carried out In the Pacific 
Ocean by Kuen/ler in l'->6:> (KiK-n/ler. 1965. 1969). 

In the area sampled by Kuen/ler, the copepods consti- 
tuted 62 percent of the total plankton to a depth of SCO m, 
and 34 percent lo 40 percent i^i this group stayed in the 
upper mLxed layer a! ail tunc;, of the day. This distribution 
is in general agreement with those observed by NichoUs 
(1933) and other investigators. The total volume of plank- 
ton, down to a depth of 500 m. was only 6.8 g/m^. An 
average 4 g/m^, or 58 percent of the total zooplankton. 
spent at least part of each day in the upper mixed zone, at 
depths less than 100 m. About 41 percent of the plankton 
in the surface layers underwent diurnal migration down into 
the tliermocline. Thus, only about 24 percent of the total 
zooplankton population, living to a depth of 500 m, mi- 
grated in and out of the upper mixed layer into which the 
radioactivity was introduced. This observation is in contrast 
with the assumption often made that a m^or fraction of 
the zooplankton participate in vertical biological tmuport 
of radionuclides out of the upper mixed layer. 

If the amounts of migrating and nonmigrating zooplank- 
ton in the upper mixed layer are known, one may estimate 
the relative ef Qciency of vertical transport by the different 
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biological mechanisms, including diurnal vertical migration 
and the sinking of fecal pellets and dead or moribund ani- 
nuU. The lekiUve effect of these different transport mech- 
anlsnn b modified by teven! Ixiological processes, including 
(a) feeding rates, (b) food utilization, and (c) the relative 
utilization of trace elements and cadionudides by zooplank- 
ton compared with that for initfient ebnimitt. 



Effects of Feeding Rates and Utilization 
Efficiencies upon Vertical Transport 

Feeding rates in zooplanicton are highly variable and sulject 

to the influence of many physical and biological limits. An 
average value for daily ingestion of food equal to about 30 
percent of their own body weight appean to be a good csti* 
mate for /ooplankton. Riley (1947) obser\'cd *hat Acartia 
required a daily amount of food equal to almost 30 percent 
of its own weight, and Smayda (1966) b of the oi^on that 
the value may sometimes equal 100 percent. At the higher 
feeding rates, however, the rate of utilization of the ingested 
ftwd b reduced, primarily as a result of rapid paaiaga of the 
material through the gut, with limited digestion. 

The utilization of ingested food, like the fcedmg rale, is 
highly variaUe both within and between species of zoo* 
plankton. Part of this variability is due to differences in the 
fraction of ingested food excreted or voided as feces 
(Stricldand, 1965). A low utilization efficiency would re- 
sult in enhanced transport of food material to deeper water 
layers by descending I'ccal pellets A high utilizaliun ctti- 
ciency would favor transport downward by metabolic turn* 
over in zooplankton undergoing diurnal vertical migration. 

A utilization efficiency of 10 percent between trophic 
leveb has sometimes been assumed; however, direct mea- 
sunmants of food conversion in several species of marine 
zooplankton suggest that efficiencies may be significantly 
greater than this. Reeve (1963) wrote of his investigation OA 
growth efficienq^ in Anemia saSaat "The work reported . . . 
indfeates diat the conversion of plant to anbna! tfisue could, 
by special choice of conditions, be maintained at an effi- 
cient of well over 50%." Conover ( 1964) fed Cdanus 
kyperbomu three species of phytoplankton and reported 
"if the average caloric content of the algae ... ate used to 
recompute the gross growth efficiencies . . . greater than 
€0% effldeney can be attafaied when food concentrations 
are relatively tow," 

Monakov and Sorokin ( 1 96 1 ) observed 40 percent effi- 
ciency in food utilization by the freAwater zooplanlcter 
Diiphriia pule.x, and efficiencies fOT marine zooplankton 
have been repotted as follows: 



Organim 


Efficiencv 

4-^ I 4 4VIvSS^ir 

for Frtrtd 

Conversion i9tk 


Refennoa 


Caioitus 


50-80 


Marshall and Orr, 


fhvnorchicuM 




I9SS 


Gdviuf 


60-78 


Manhall and On. 






19S6 


Arttmia 


10-55 


Gibor, 19S7 




14 


Ciuhina, I9SS 


Euphausia 


10-70 


Laaker, 1960 


pacifica 








74-91 


Comer, 1961 


helgolan^CM 






Tentofa 


50-98 


Berner 1962 

An>su>vs I a ^vm» 


fOfuimrvffa 






Caliinm 


15-20 


Conover. 1962 


hyperboreus 






Anenda 


9^20 


Mnoit, 1963 


Artemia 


up to 60 


Reeve, 1963 


Catanus 


10-99 


MuUin, 1963 



In the genus Cahnu^. the , nnvi,«rsion cfnciencies varied 
from 10 to 99 percent with an average value of about 50 
percent for the sbt experiments. The low cooversioo valoes 
reported for ilffemrj by Mason (1963) were postulated by 
Reeve (1963) to be partly due to the animals not being 
offered the opthnum amounts of food nsoesiary for maxi- 
mum growth; very small or very large amounts of available 
food reduce the utilization efficiencies. At a given low level 
of phytoplankton,^ cell concentration passing through 
the gut of a zooplanktcr would be sufficient only to main- 
tain metabolic function with no excess left for building of 
new tissue. At liigh concentrations of phytoplankton, the 
pressure from incoming food would move the gut contents 
through at rates greater than those allowing efficient diges- 
tion and assimilation (Reeve. 1963). 

Although the average conversion efficiency in nature 
may be well below 50 percent, laboratory data do nut con- 
firm thbview. In the present considerations, a conversion 
of 50 percent of tlie ingested phytoplankton into second 
trophic level matter is assumed. Tiib would tend to empha- 
size the role of direct biological traniport by vertical migra- 
tion of ZOOplanklers from asUr£Ke contaminated area in 
comparison with transport downward by tecal pellet pro- 
duction if the conversion efficiencies ate Indeed lower than 
50 percent under field conditions. 

A conversion factor of 50 percent for organic material 
(based on carbon) does not necessarily indicate an equal 
conversion factor for all of the trace elements and radio- 
nuclides moorporated hito, or aaaodated with, food. In 
many cases, the conversion factors in the z.ooplankters for 
elements that have no known biological functions and for 
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the catalyst elements are lower than those for carbon. This 

tcsulis in lo\MT concentration factors for /CHiphiiikicin com- 
pared with (he amounts of the element or nuclide in the 
water. It also results in increased amounts of these elements 
in the excretor>' products of the zooplankton, relative to 
carbon and nitrogen compounds. Silica is an example of an 
element strongly accumulated by phytoplankton Iwt not 
by zooplankton. 

Concentration factors in marine phytoplankton and zo» 
plankton may be used to provide estimates of the efRciency 
of ulili/atitifi of Jifferent elements hy zooplankton Conver- 
sion efficiencies may be obtained by relating the concentra- 
tion factors of the other elements to those for carbon in the 
iwo trophic levels. If the conversion fjctor for phytoplank- 
ton carbon is 50 percent in actively teeding zooplankton, 
then elements with the same ratios of concentration factors 

in the two trophic levels will also be utilized by the zoo- 
plankton at an clTiciency of 50 percent, under equilibrium 
conditions. Thus 

Conv.^(%) . — 21 X 0^ X 100 X — ^ . 
* OP*. 

where Conv.^(%) is the conversion factor In percent tor 

the element by zooplankton, CF^p is the concentration fac- 
tor for carbon in phytoplankton. C'/- . is the concentration 
factor for carbon in zooplankton, (7-,^ is tlie concentra- 
tion factor for the element in phytoplankton, and CF^^ is 
the concentration factor for the element in zooplankton. 

The major weakness in this method of calculating con- 
version factors for a variety of elements is the uncertainty 
of the accuracy of the concentration factors for phyto- 
phuikton and zooplankton. Relatively few analyses have 
been made on phytoplankton and zooplankton collected 
from one area. Vinogradova and Koval'skiy ( 1 962) did 
analyses for 25 elements in 4 species of phytoplankton and 
7 sfiecies of zooplankton collected in the Black Sea. The 
present calculations for relative conMntration factors bi the 
two trophic levels are based upon these and other measure- 
ments for individual elements. Concentratiotrfacfors may 
be calculated by two methods: (a) comparison of direct 
analyses of tlie stable element in the organism and in the 
water and (b> comparison of the amount of a radioactive 
tracer accumulated by an organism at equilibriom with the 
amount of the r;ulionuclidc in an equal weight of water. 
Both methods are subject to sampling and analytical errors. 
In addition, variations in species characterfstics, environ- 
mental fnctors. biological condition of the experimental 
organisms, and changes in population densities, especially 
for phytoplankton in the exponential growth phase, may 

introduce further errors. 

Estimates for the utilization efficiencies for several ele- 



ments by zooplankton feeding on phytoplankton are shown 
in T.ible 5. TIk- conversion factors are based upon an as- 
sumed 50 percent conversion efficiency for carbon. 

Conversion factors in zooplankttm are low for barium 
(3 percent ), radium f 1 percent ). yttrium (7 percent), cerium 
(3 percent), silicon (1 percent), (in (5 percent), and lead 
(S percent). On the basis of these estimates, only small 
amotmls of the seven elements would be incorporated into 
the btomass of the second trophic level, and almost all of 
the ingested elements would be excreted in fecal pellets 
and other excretory products. Fecal pellets appear to pro- 
vide the major transport mechanism for these (race elemen(s 
and their radionudides out of the mixed layer into the 
deeper waters This agrees with the observations that those 
elements with low conversion factors, includiog barium, 
cerium, silkon, and "^Pb, have been shown to occur in 
larjcr amounts m deeper waters than in surface layers of 
the sea (Chow and Goldberg, i 960; Hogdahi et al.. 1 968; 
Rama era/.. 1 961; Goldberg and K<^de, 1963). 

Zoop!anktni< l-i-v.- intermediate efficiencies of utilization 
for the following elements zinc (20 peicent), scandium (30 
percent), copper ( i 3 percent), zirconium (30 peicent), phos- 
phorus (25 percent), silver ( 25 percent), manganese (20 per- 
cent), chromium ( 28 percent), titanium ( 1 7 percent), and 
cobalt (.^0 percent). Die zooplankton would excrete or void 
70 to 90 percent of these elements Of the elements with 
intermediate conversion factors, silicon and phosphorus 
show large increases in the water with depth in the open sea. 
Skeletal silicon tests of diatoms are known to pass intact 
through the gut tracts of zooplankton and to be voided in 
the feces; thus, this element would be subject to efficient 
transport to deeper waters with limited dissolution on (he 
way down. Some phosphorus would be transported to 
deeper waters through the sinking of dead and moribund 
phytofriankton and zooplankton. In addition, part, at least, 
of the 75 pereent excreted or voided phosphorus would be 
combined in the fecal pellets as insoluble phosphates of 
calcium, strontium, barium, radium, yttihim, cerium, and 
chromium and would be carried to deeper waters by gravity. 

On the basis of the estimates shown in Table 5, more 
tlian 40 percent of (he ingested nKrogen, strontium, iron, 
aluminum, gallium, and zinc are converted into biomass by 

zooplankton. This is true for carbon and nitrogen; hOWever, 
the high values for iron, aluminum, and gallium are prob- 
ably due largely to adsorption of hydrated hydroxides of 
these elements onto the surt'aces of zooplankton. with an 
ensuing low rate of loss. The relatively high values (30 per- 
cent) for the apparent conversion of scandium and zirco- 
nium. elements with nc) known biological functions, are 
probably also due to tliis iiicchaiiism. bxcicted fecal ma- 
terial, as well as the surfaces of zooplankton, would also be 

expected to provide adsorptive surfaces for these elements, 
with resulting transport downward. 
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Relative Uptake of Radionuclides liy Zooplanlcton 
from Food and Water 

Hie calcu]ati(m of convenion facton in zooplaiiktoa from 

concentration factors is based on the 3«timp!iin> that the 
zooplankton receive a major part of their trace elements 
and corre^nding radionuclides from food. Not all investi* 
gators agree witii tlii* iMumption. Aocoiding to POUicarpov 
(1966). 

Hie amotuit of radionuclide transmitted from phytopUnk- 
ton to zooplankton is a fttnctlon of pbytoplankton Womasa. 
When tliis biomass is maiqr orders in excess of the natural 
levels, the zooplankton may concentrate more radionuclide 

from the phytoplankton than directly from sea water. With 
the noniidl bioinasses characteristic of seas, the quantity of 
radionuclides concentrated from the water is far inexoaia 
of the same radionuclides absorbed from food. 

Poilcerpov fiirtlNv wrote. 



The pattern that emerges of the ways in which marine ani- 
mals coocentiate chemical elements is. therefore, as follows. 
Hw animals satisfy tbeir lequiiementa for moat dements hy 
direct alMorptioo flrom the stirroundinc water. Intricate 
organic substances, on the other hand, are usually derived 
by the anir^ah; -.n thr pr-ci-s-; n'. heterotrophic nutrition, 
i.e., at the expense ol othei cirganisnis. Ihe main source of 
carbon for the animals is. apparently, to be found in the 
food links. A certain amount of phosphorus and trace ele- 
ments incorporated in specific biologically active molecules 
IS also apparently derived in this manner, although it is also 
possibte tlut there may be direct utilization of such mole- 
cules present in see water as a result ^ tlwir release by liv- 
ing marine plants. The freater pert of the chemiea) mbteral 
substances and, therefore, by far the greater part of the cor- 
responding radionuclides are consequently accumulated by 
muine animals otlier than with tiieir food. 

The statement that marine animals reject trace elements 
in tbeir food but accumulate carbon conqpoonds from this 
source while taking trice elements through the integument 
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from a lelatiwiy dflute adution is not conriitent with flw 

normal mclabulic characteristics of animals Studied tlllU far. 
Osierberg el al. ( 1 ^^63), in field studies, observed that sur- 
face adsorption played a relatively insignificant part ui the 
accumulation of *sZn. ''Zr, ">3Ru. ">*Ru, S'Cr. and 
''*'^Ce in cupcpuds, cuphausids, and salps. In laboratory 
Studies, Rice (1%3) obtetved that >4rre/nia salina concen- 
trated approximately seven times as much ''^Zn 'inin food 
from water when the conccnttation of inuoJiiietJ *'-Zn 
was the same in each experiment. The degree to which a 
trace element or radionuclide is accumulated trom the food 
or from tiie surrounding water appears to depend upon the 
relative concentrations of tlie element in tlie two sources. 
Food in which an element is concentrated only slightly over 
the concentration in seawater supplies a relativdy low frac- 
tion of the element.* iiowever, when the element is highly 
eonoentrated in the food, compared to seawater. a mqor 
fraction of the element may be derived from the food 
through the gut. 

Ii is significant that all of the experiments quoted by 
Polikarpov supporting the concept of direct uptalce of 
radionuclides from seawater (in which the radionuclides 
were tdentiiied) were concerned with uptalie of elements 
for which low concentration factors exht in tlie food orga- 
nism. Uptake of this group of elements directly from the 
water could, indeed, occur. In the case of ^*'Sr, an average 
concentration factor of about 20 in phytoplankton and 

in /oopbnkioii may he derivei! i \ u-i .niMva and 
Kuvai'sluy. i%2;Chipman era/., 1958). If azooplankter 
consumed daily an amount of food equal to 0.3 times its 
body weight and utilized 85 [lercent of the contaiiie J ''^Sr 
(Table SJ it would have to extract all of tiie dissolved ^^Sr 
in a volume of water about 5 times (20 X0.3 X0.8S) its body 
volume every 24 hours to obtain an equal amount of ^'^Sr 
from the water. A medium-sized copepod (Calanus) 2 mm 
in length can graze tite phytoplaidcton from a vohime of 
water about 500 times its body volume (Gushing, I'^S*'). Its 
oxygen requirements may be met, however, by the extrac- 
tion of the gas from a volume of water 20 to 25 times its 
body vdume.t Direct uptake of oxygen and ions from the 
water prolxibly occurs mainly through mucous absorption, 
and the vohune of water stripped of **Sr would iQtHte 
nearly approximate that stripped of oxyg^ rather than of 

*I oo<l orpjniMin may luve high concenlraiion factor* tot .i radio- 
PLichdc vet mntjin Mnall amounts al any given time twijuvt! they 
arc not at equilibrium wilh the radionuclide in the water. If the 
food organltmi live in an area of rapid dilution or if they continue 
to grow rapuUy after a iingle exposure to the ndionudide, they will 
eoBlaiB a rdatlvtly imali amomt of die ooniaiiiiMat. 

*A Calanu! 2 mm in li-npth Ins j body volume of atxiut 0.16 mm^. 
One /ooplanktci requires iho^ii 0.8 «l of O, per hour, or about 19 
Ml per day (Marshall and On. 1955). At 20rc. this amount of 
oxyfen could be extracted from about 3.6 mm-' of au-taturated 
water per day, a trahime 20 to 25 times tlie volume ot the oiyuiitas. 



food. Under these conditions, 80 percent or more of the 

total '"Sr accuinulated by the /ooplankton would be ac- 
cumulated directly from tlie water, and 20 percent or less, 
from the food. 

Those elements th;i' iin- fiipbly ci>ncenirj1ed by both 
marine phytoplankton and ^:uuplanktou are not, however, 
accumulated directly from seawater but, rather, are incor- 
porated from ingested food The accumulation of'Zr by 
phytoplankton and its tianstei to /iKiplankton may be used 
•IS nil example. The average concentration factor for '*Zr in 
phytoplankton is about OO.OOO, and in zooplankton, about 
25,000. Zooplankton appear to convert about iO percent 
of the '''Zr associated With the phytopladeton eaten for 
food. If a zooplankter consumed daily an amount of food 
equal to 0.3 times its body wciglit and converted about 30 
percent of the contained *'Zr. it would have to extract all 
of the radionuclide present in a volume of water about 
5,500 times iU body volume (60,000 X 0.3 X 0.3 ) each day 
to obtain an equal amount of Zr from the water. If the 
zooplankter is capable of extracting daily the eiemeni from 
a volume of water only 20 to 25 thnes its body volume, 
then 99 percent, or more, of the "Zr would be accuinii- 
lated from the food. 



Transport by Zooplankton* Fecal Pellets, Moults, 
and Dead Organisms 

Calcobtions may be made to determbie the relative r6les of 

diurnal vertical migration, fecal pellet production, moulting, 
and death upon the transport of radionuclides. These may 
be made by using the data of Kuender (196S. 1969) on 
plankton distribution, turnover rates, and percent particu- 
late excretion, along wiili otiiei estimates on biological 
parameters. These include avenge feedtag rates (0.3 X body 
weight/day), food utilization ( 50 percent of carbon intake), 
and the conversion factors, relative to carbon, for the trace 
elements shown in Table 5. 

A simplified block diagram for downward transport of 
iron by biological mechanisms is shown in Figure 4. About 
92 percent of ''Fe or ^Fe transported dirou^ the ther- 
mocline by biological mechanisms would be transferred by 
the influence of gravity on fecal pellets, moults, and dead 
orBudams. Only 8 percent of the element woidd be trans- 
ported by vertical migration of the animals. It is difficult to 
disimguisJi between direct biological transl'er, resulting from 
exchange of surface-adsorbed material plus excretion of 
soluble and particulate products of metabolism, and in- 
direct transfer, resulting from fecal pellets and moults. 
Varying amounts of excreted metabolic by -products may be 
associated with voided pellets, and surface-adsorbed matter 
is lost from the organisms througii moulted exoskeletons 
(Jerde and Lasker, 1966; Fowler and Small. 1 968). 

After equilibration of differences in chemical and physi- 
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cal fonn between the introduced material and that aiready 
pneient fat die water, radtoiuiclides of Iran would be trtns- 

ported downward by biological processes at the same rate 
as the normally occurring stable element. The total rate of 
blotoijcaltnuiiport out of the mixed layer would be 114 

pg/day/m^ under the specified conditions. The total amount 
of iron in the mixed layer is 3 X 10^ /ig/ 100 m^ (3 X 10^ 
M/m' foralayer 100 m thick). Tnuport of iron out of 
the mixed layer by biological mechanisms would require 
3 XiOVU4i- 2.6X10^ days, or 7.2 years. This calculation 
Is Imed on the aaawnptkm thit a dieir zone eidsts at the 
upper edge of the thermocline so that the radionuclides aw 
not transported back mto the mixed layer again. Maximum 
UolO|ICll tiadlfer i> couidefed to occur, since the assump- 
tion is made that redissolution of the radionuclides from 
pellets or dead organisms does not take place in the mixed 
layer. 

The lime of 7.2 years for hio!ogii-al transport of ^'Fe or 
"Fe from the surface waters appears to i>e relatively long 
in comparison with pfegnkal transport. Strontium is subject 
(o little biological transport, and the residence time for^Sl 
in the lop 300 m of the Pacific Ocean is about 2.7 years 
(Saiki, 1968). Rama el al. (1961) reported a residence time 
for ^'"Pb in the upper mixed layer of less than 2 years and 
proposed that the short residence time was due to vertical 
biological transport. Goldberg ( 1 96S) later reported a iCli- 
dence time for lead of 7 years in the upper mixed layer, 
based on a nonsteady state for stable lead. In the present 
calculations, the length of time required for 2'°Pb (or 
stable lead) to be transported out of the mixed layer by 
biological activity is about 7.3 years (Table 6)-about the 
nme as for iron. TheMTahwtaia for a relatively productive 
area of the sea, however, and tiie aveiage for the entive 
Pacific Ocean should be leM. 

The cakolations made for bioloiical transport of iron 
from the upper mixed layer ht the eaaiem North Pacific 
may be repeated for Other elements and radiomidides and 
for other areas of the sea. The calculations for the limes, in 
years, required to transport **Mn, **Fe, *»Fe, *'Co, **Co, 
«»Co. «Zn. "Zr, and »">l*b from flie mbced tayer are 
shown in Table t' inr the eastern North Pacific, coastal 
areas, and upwelling sites. The areas of the sea considered 
here r epree e n t a wide range of biological productivity wifli 
a relatively low standing crop of zooplankton in the eastern 
North Pacific (0.04 cc/m-'), intermediate amounts in the 
coastal regions (0.44 cc/m'), and high amounts in areas of 
upwelling (1 cc/nv') According to these data, hiolncical 
activity would have little effect upon vertical distnbution 
in the open sea. However, the totd biological activity of 
zooplankton could increase the transport of the radionu- 
clides of iron, zirconium, lead, and perhaps zinc into the 
deeper waters from the surface downcunent from areu of 
high coastal productivity and areas of upwelling. 

Manganese-54, "Fe, *'Fe, "Co, "Fc, «>Fe, and **Zn 



represent elements that are biologically important as con- 
stituents of enzymes, vitamins, and molecules that partici- 
pate in oxygen and elcclror. transport. Of these radionu- 
clides, those of cobalt appear to be subjected to the least 
biological transport. This is due mainly to relatively low 
v o:v eiitration fiu tnrs in both the phytoplankton and zoo- 
plankton. According to the present calculations, the time 
required for aO biologieal meehantona to remove the cobalt 

radioisotopes from the surface mi.xed layer into the deeper 
waters of the eastern North Pacific is 240 years, a relatively 
long time In comparison wlA the physieal half-lilis of ^Co 
(5.26 years)-the longest half-life for ;iiiy of the cobalt 
radionuclides. Kuenzler (1965) calculated that biological 
processes would require about 350 years for transport out 
of the mixed layer but proposed that this transport time 
might be high by a factor of at least ten as a result ol sev- 
eral biological factors. In the present work, estimates for 
the removal of cobalt radionuclides from the mixed layer 
by total biological action of the zooplankton-for coastal 
areas 20 yeaiS and fot amas of upwelling 8.8 years 
(Table 6) -more nearly agree with the low value of 35 
years cjlcul.iied by Kuenzler. 

Conversion factors for Ag. Zn, Sc, Y, Ce, Si, Sn, Pb, Zr, 
P, Cr, Mn, and Fe are 40 f>ercent or less, and these elements 
(or their radionuclides) would be excreted in higher propor- 
tions than the organic matter. Those elements that are rela- 
tively insoluble in seawater or form insoluble salu would 
be retained to a hi^ degree in the fecal pellets. 

The proposal here that the effect of gravity on fecal pel- 
lets constitutes a major biological mechanism for the trai» 
port of some radionuclides and trace elements to the deeper 
waters from the surface is not new. Rex and Goldbeig 
(1958) suggested that the accumulation of nucron^ize p■^ 
tides of terrigenous quartz into fecal pellets by filter- 
feeding zooplankton might provide a mechanism for the 
rapid transport of this material to the bottom tediinents. 
Goldberg and Ariltenius ( 1 958) found barite (barium sul- 
faU ) in bottom aggregates that they assumed to be fecal 
pellets of benthic organisms, and Chow and Goldbeig 
(I960) propowd that the increase in barium with depth m 
the sea resulted from a high concentration of sulfate ions 
resulting from bacterial decomposition of dctrital organic 
material, which caused barium sulftte to precipitate. 
GoldhcrLi f 1 065) stated "barytes crystals, iiu airporated in, 
and sulking with, the decomposing organic matter, may 
either dissolve in deeper waters during the destraction of 
their carbonaceous matrix or be incorporated in the sedi- 
ments on the sea floor." Such a mechanism explains not 
only die deptt prafles of barhim, but also the obseivatioa 
that sediments below zones of high organic productivity are 
enriched with bahum. Tliis is also true for deposits con- 
tainhig large numben of diatom frustules (Goldberg. 1 958). 
Brongersma SLir-.dcTS (1967) demonstrated that at least two 
species of diatoms concentrate large amounts of barium. 
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The siliceous frustules of theie ^Mctellfe not preserved in 
the sediments, but they may act as transport packages to 
deeper water for barium (Turekian, l%iS) and silica, espe- 
cially if incorporated una fecal pdlets which coatain rela- 
tively large amounts of sulfate. 

Goldberg (1965) proposed that two biological mecha- 
niims for transport downward of Hg, rare earths, and 2'<>Pb 
were likefy to exert tignifknit effects. One of these de- 
pended upon the enriduiient of the elements in the bio- 
sphere with subsequent sinking and continued oxidation of 
dead organisms and metabolic waste products (including 
fecal pellets). The other process involved the adsorption of 
the dissolved metals onto disorganized masses of organic 
matter with a resulting net transfer from the surface to 
deeper waters. In both processes, the fecsl pellets could 
play an important role, since they are produced in relatively 
large amounts, contain significant fractions of the ingested 
elements, and provide reactive surfaces. Conover (1964) 
suggestL ii ili.Li Catamis hvperboreus conXx]h\\\ci largely to 
tite food supply of deeper dwelling animals by producing 
fecal pellets containing at least SO percent of the energy 
originally available in the phytoplanklon J ili.inni's .i:ul 
Satomi (1966) proposed (hat a significant fraction of the 
energy contained in marine communities was diinneled 
into the production of fecal f>ellets and that the quantitative 
sinking of this material out of the euphotic zone would re- 
sult in rapid transport of large quantities of phosphate into 
the deeper waters, provided the clement was not rapidly re- 
dissolved from the pclleu. They also postulated that the 
rate of downward transport of phosphate would be reduced 
if fecal pellets were utilized by other zoiipl;nt^ii>n If this is 
correct, however, the original fecal pellets would be rela- 
tively enriched in phosphorus in comparison with the phy- 

toplankton food (based on transfer of carbon) and the fccal 
pellets of the omnivores would be lutlhcr enriched in 
phoi|riloniS, since the conversion factor for phosphorus in 
zooplankton in ahout one half that for carbon (Table 5) 
Osterberg ci ai. (1963) presented convincing evidence 
that some artificial radiofuidides are removed from surface 
waters of the sea lo the bottom by fecal pellet production. 
Samples of sea cucumbers were collected from the bottom 
at 200-m and 2.800-m depths off Oregon coast and 
analy/ed for radionuclides by gamma spectrometry. The 
relative amounts of '**Ce-'**Pr. ''Zr. **Zn. and ♦•K in 
the samples from the two depths were used to calculate that 
the i*'«Ce-'''^Pr and '*Zr-»*Nb were Uanqwrted to a 
depth of 2.800 m in 7 to 12 days but that ^Zn tratnibfect 
to only limited downward movement below 200 m. 
Osterbcrg and his associates noted that the particle sizes of 
particulate fallout radionuclides were too small to be trans- 
ported perse to the bottom j,\ >.he observed rates but that 
these nuclides were luiown to be accumulated by herbiv- 
orous zooplankton from contaminated phy toplankton. The 
conversion rates for '**Ce-'**Pr and '^Zr-'^Nb are low in 
zooplankton, and the authors proposed that the unassimi- 



lated radionuclides would be raleaaed in fecal pdlets that 

would sink rapidly because of their relatively large size. The 
Iccdl pellets of Eupliausia pacifica, produced by feeding the 
diatom Skektonema costatum to the euphausid, were 
found by one of the authors to sink at a rale of 43 m per 
day. Radionuclides associated with fecal pellets sinkuig at 
this rate would be carried to a depth of 2,800 m in ahout 
6S days. 

Elements incorporated onto or into fecal material would 
be efficiently transported downward and released into the 
deep waters or the bottom sediments only if they were re- 
leased from the pellets at a slow rate during descent. In 
general, elements must remain in particulate or colloidal 
form for continued association virith fecal pelleu. Radio- 
nuclides that would be expected to leraaiii widi the peUets 
tWMld inchide thoie that 

Form relatively insoluble salts or faydraxidet in seiwater 

and arc accompjnicd by earner amOinttS Of tiniiiaror the 
corresponding stable element 

Form strong complexes with bfologieaf surfSues 

Coprecipitate with inorganic scavengers 

Are incorporated into biologtcai structural compounds, 
i.e., the incorporation of carbon, hydrogm, nltio|an, sulfur, 
phosphorus, calci'.iri) and silica into skeletal material, lipids, 
proteins, and polymerized carbohydrates. 



Vertical Distribtitiom of Tnce Elements and 
Radionuclides 

Distribution patterns with depth of water for several ele- 
ments and radionuclides determined by different authors 
are shown in Figure S. Of these elements, silicon, phospho- 
rus, nitrate, barium, radium, lead, cerium, neodymium, and 
total rare earths have been observed to increase in amount 
with depth even ui areas of low biological productivity. 
Silver, in contrast, shows increased amounts wift depth 
only in areas of relatively high productivity. 

The structural elements P. N. and Si increase more or leas 
continuously with depth, even in areas of low productivity, 
down to about 1.000 ro. below which little or no moeMe 
occurs to 4.000m. The break at 1,000m for silicon to not 
as pronounced as for phosphorus and nitrate, however, and 
the shape of the distribution curve for silicon appears to be 
intermediate between the stiuctursi elements and those hi 
the next group Tlie elements radium, lead <*'^Pb), barium, 
cerium, neodymium, and the total tare eartlu* increase 
slowly in amount down to a depth of about 600 n, with ■ 
rapid mcRBK m amounts between 800 n and 1,000 m. 

'Only two values were given by Goldberg and Koidc (1 963) for the 
lolal rare eaith.« (luiface and 4.000 nO; boweVK. tlHSe poiolB both 
Ml aaat Iha cuivc fat badum. 
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FIGURE S Dtotribiition of Si, P, N. Af, Ca, Ra. Nd, ^'^Pb, Ba, Y, and Sc in watar with dtptli. Ba- 
Chow and Goldbcr( (1960); RE (rare eartli)-Goldbar| and Koidt (1963): ^^^Pb-Raim «f «/. (1961); 
Ag-Turckian and Schui/ ( 1 965a); Ce, Nd, Y, and S<-HotdaM«r«r. (19n);SI, and NOj, iMf^ «f 
Packftc. Atlantic Md Indian Ocean»-$VMrdrup«ra/. (1942). 



Below 1,000 ID, (he amounts of the elements in the watei 
incvease dowly down to a dep^ of tt teaat 4,000in at 

about the same rale as th.it nbovc iROf) m 

All of the elements and radionuclides in which transport 
by fecal pdlett. moults, and dead otBuitam (Table 7) 
constic.ites 99 percent or more of the total biological trans- 
port sliow strong increases in amounts in the water with 
incieaaed depth. Theae include silicon, baiium, tare earths, 
and lead. Silver, on the basis of concentration factors in 
phytoplankton and zooplankton, would be transported 
only about 91 percent by fecal pdlets, moults, and dead 
organisms, yet it appears to have a vertical distribution pat* 
tern in areas of upwellmg similar to the elements listed 
above. Schutz and Ttorekian (1965a) attributed the increase 

In silver wiih depth in dnwnward biological transport and 
regeneration ul silver in the deeper waters. This metal is 
known to be concentrated highly bi the digestive glands of 
Crustacea (Pahimbo. personal communication, \ 9^9\ 
Seymour, 196J, Folsoin and Young, 1965 ). although it is 
concentrated only slightly in other tissues of these oifa^ 
nisms (Zesenko, 1*^65; l owman a/ . I'>fc7h). 

Although cerium is transported vy percent or mure by 

fecal pdlets, moults, and dead orgsnimtt, its diM r i b u u un 

pattern docs not conform to that expected from the calcu- 
lated time (2.9 years) to transport the element out of the 
upper mixed layer by biological action in areas of h^ pro- 
ductivity. The vertical distribution of the rare earths 
(Goldberg and Koide, 1963) in the open sea and the observa- 
tions of Osterberg et al. ( 1 963 ) on the presence of '**Ce- 
i'*^Pr in sea cucumbers at 2.800 m off the coast of Oi«gpn 
UMlicate that the rale Ot downward transport is much 



greater than that calculated. The long transport time re- 
ported here appears to result from the low concentration 
factor used for phytoplankton (4.CX)0), hised nn laboratory 
uplalce experiments (Chipman, 1958). If this concentration 
factor occurs under fkld conditions, then the zooplankton 
must ingest significant amounts of cerium from sources 
other than phytoplankton, or stable and radioactive cerium 
must be adsorbed directly onto fiecal pellelsand other 
biological debris, including dead organisms, in amounts 
greater than those accumulated by the phytoplankton. 
Data to resolve this question an not available at the present 
time, although it is known diat cerium shows a marked 
propensity for adsorbing onto flurfaces, both organic and 
inoqaoic 

The shnilatity in vertical distribution patterns of phos- 
phoros and nitrate is probably due to their being incorpo- 
rated bito structural compounds of phytoplankton with 

approximately equal concentration factors and to both 
being released fcum structural biological material through 
bieakdown by bacteria. Although bacteria would also de- 
compose the protective layer covering the frustules of 
diatoms (Cooper, 1952; Lewm, 1961), the release of silica, 
per se. would result from ordinary inorganic re-solution of 
the silica tests and not from deooo^osition by bacterial 
oxidation. 

Iron, copper, zinc, cobalt, manganese, and, perhaps, 
nickel are associated with organisms as constituents of re- 
active biological molecules. These catalyst elements occur 
both in plants and animals, and, except zinc, all are mem- 
bers of the first series of transition dentents, which form 
essentially covalent Unkages as wdl as ionle complexes. 
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In genertl, the catalyst dements tie not u firmly incor- 
porated inio biological structural material as are the siruc 
tural elements carbon, hydrogen, nitrogen, and phosphorus. 
Some chelates of oai>per and Iron exist as hemes, however, 
which are extremely stable, although they are associated 
with free erythrocytes or are in solution in the blood of 
marine anhmb. Cobalt ban integral part of vitamin B,, 
ihit appears to be extremely stable in the m-uiiic c-nviinrv 
ment. Other chelate complexes with transition elements arc 
not as staUe as the hemes and B|2, and in some eraymes 
the metal-protein complex is less stable than the metal-free 
protein (Lehninger, 1950). 

In addition to their being incorporated into Uologica] 
cMi ilysiv the transition elements and zinc are also capable 
ol forming complexes with biological surfaces so (hat ap- 
preciable amounts of these dements aiaodated with marine 
organisms may not be incorporated into i!u> oTe;inis!Ti<, h'lt 
only adsorbed onto surfaces. Tlius, Woltc (1"*VU) estmiated 
that as mueh as 96 percent of the total zinc in the oyster 

Cra^s^'^fn-a virxioica was not incorporated into physiologi- 
cally important molecules but was loosely bound to cellular 
components irom which it could be removed by dialysis 
without im;vedinc the zmc-dependent enzyme action of 
alkaline phosphatase. As a consequence of the lower degree 
of Stability of complexes between such loosely bound ele- 
ments and the biota, compared to incorporated structural 
elements, they would be expected to be remineralized rap- 
idly from organic detritus, including fecaJ pellets and moultS 
(Fowler and Small, 1968) and from dead organisms more 
rapidly than the integrally combined structural elements or 



those elements forming insoluble salts or hydroxides in 

scawatcr 

Conflicting observations have been made on the depth 
distribution of iron, nickel, copper, and zinc in the sea. 

Corcoran and Alexander (1964) tneasured the amounts of 
nickel, iron, and copper in the Atlantic Ocean off Florida 
and observed increases with depth. However, in a later study 
of the area, thi^v fo\ind a reverse distribution for cnppcr. 
with the metal occurring in slightly greater amounts in the 
surface waters than at depths down to 800 m (Alexander 
and ron.or:ni. No correlation was found between 

phytuplankton (based on chlorophyll A) and copper levels. 
Schtttz and Turelcian (IKSa) observed increases in concen- 
tration with depth for silver and cobalt in three out of four 
areas of high productivity (upwelling) but did not find sig- 
nifkant increases in nickel. Morita (I9SS) found that the 

deeper waters of two deep buvs m J;ip;ni were slightly en- 
iiclied in copper and zinc, althougli the differences Irom 
surface values were not great Slowey ( 1 966) reported that 
the distribution patterns of copper and zinc were similar off 
the Pacitic Coast of South America but were different from 
that of manganese. The rates of biological transport for zinc 
and copper are similar and arc about six times that r<'r man- 
ganese (Table 7); thus, the difference in distribution pattern 
would be expected. Along the west 00ast<rf South AflMlica, 
Slowey (1966) observed that the greatest amounts of cop- 
per and zinc were found in areas of upwelling and high bio- 
logical productivity. Upwelling areas may provide sinks for 
biologically important elements. Because surface currents 
timsport phytoplankton and zooplankton downwind from 



TABLE 7 Calculations of Transport of Trace Elements and Radionuclides Downward by Vertical Diurnal Migration of 
Zooplankton and by Sinking of Fecal Pellets, Moulu, and Dead Animab and Tbne Required for Zooplankton to Transport 
RadkMUidldes. Introduced at the Sui lace, out of the Upper Mixed I^yai* 



Pttcwit of Verticil Tiaaspcrt ty Zoopiaaiaen 
NmnalVtitldO Fee4Mit*.llma5, 
■ndDMdAniiinls 



Time in Yean lo Transport Element out of the 
.Mixed Zone by Biological Processes^ 
EuMrn Nwth PadQc 





12 


88 


94 


3.B 


»F 


6 


94 


9.6 


M 


Si 


<1 


>99 


17 


0.7 


"Ma 


S 


9S 


74 


3 


SSp, 


s 


92 


7.2 


0.3 




1 


93 


220 


8.1 


M 


9 


91 


66 


34 


••Cu 


3 


97 


11 


04 


*«Zn 


4 


96 


12 


OJ 




6 


94 


5,4 


0.3 


"°Ag 


9 


91 


11 


04 


•"Ba 


<1 


>99 


17 


0.7 




<l 


>99 


73 


3.9 




<l 


>99 


74 


0.3 



'See i-ifurc 4 for method of calculation. 
*Datt not tactad* MMpoft by Hekiiif or ted ykvii 
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the areas of high productM^, a continuing downward rain 
of organic debris would pass out or the upper mixed layer 
through a shear zone into the deeper layers of water return- 
ing toward the areas of upwelting. With the trapping of the 
biologically incorporated elemeoti in the ^siem and tlie 
continued addition from incoming deeper water, the ele- 
ments build up to levels several times those found in 
the open tea. 

Menzel and Spaeth (1%2) were unabli-- tu dei-ionfllita 
that more iron was present in the deeper waters of the 
Sargasso Sea than in tlie surface layer*. In areas of high 
biological productivity, however, the distribution patterns 
of iron, nickel, copper, zinc, and silver appear to be related 
to biologieal activity. Menzd and Ryther (1961) diowed 
that iron was a limiting factor in the growth rate of phyto- 
plankton in the Sargasso Sea, an area of relatively low 
productivity, althooi^ the plants did not effect a change in 
vertical distribution of the element. Menzel and Spaeth 
(1962) also did not fuid a seasonal cycle for iron in the 
Svgiaso Sea, but TlKMnpaon and Brainner (1935) and 
Armstrong (1957) found marked seasonal variations of iion 
in Puget Sound and the English Channel, respectively. 
SeiweO (1935) obsefv«d total depletion of him In the mr* 
face waters of the Gulf of Maine d-.irinn August, although 
the metal was present in the waters below a depth of 40 m. 
Raymont (1963) stated that the reductiMi of iron hi the 
upper layers might, at times, become temporarily limiting. 

Thus, the vertical distribution patterns of the catalyst 
atoniants appear to be signifieantfy infliienefld by biologlesi 
action only in areas of high productivity and high density of 
organisms usually near land masses viath upwelling or addi- 
tion of nutrients from runoff of ttwface water. Bkrio^cal 
influence upon phosphonis. nitroBcn, silica, radium, lead, 
barium, and the rare eartlis would also be greatest in these 
regions. The radionucUdes comidered hi Tables 2 and 3 
whose distribution patterns may be influenced bv biologica! 
activity in marine areas of high productivity include '**Ce- 
»<*Pr, 2'°Pb, "°Ag, "Zn. "Fe. and ^ 'Fe. The radio- 
nuclides )>P(half4ife 14.3 days) and '^Zr (half-life 65 
days) wotild not be subject to significant biological transfer 
because of their Aoti physical half-lives. Another radio- 
nuclide, >^Ra« ocous naturally and has a long physical 
hdf4lfe. Althott^ this elemsnt is used hi medleiiie, Indus* 
try, and research, its large-scale iotroduetiOD into the sea ly 
man does not appear likely. 



ESTUARIES 

Characteristics 

Estuaries, salt marshes, bays, sounds, and shore !.i£o<:ns lie 
geographically, geochemically, and biologically between the 
tcrifslrial and marine faydrosplieics. They hiwe highly di- 



verse physical, chemical, and biological characteristics that 
affect tfte distribution and transport of trace elements snd 

radionuclides. These characteristics include depth; width 
and shape of submerged areas; seasonal and daily changes in 
sunlight and water tempentufe; rate of evaporation; height 
of tidal excursion and strength of tidal bores; geological 
substrates of neighboring watersheds and rate of addition of 
river coDoidt, Undhtd km, and suspended sedhnents; wtad 
direction and velocity; strength and direction of adjacent 
ocean currents; and the rate of exchange of estuarine water 
«4th that of the open sea. Estuaries may be broadly divided 
into marine-dominated river dominated, and evaporate 
categories (Wood, 1965). Because of the diversity exhibited 
by estuarine environments, an types cannot be conridered 
individually in this discussion; however, the moro important 
characteristics of estuaries that influence the interaction of 
the Uota with added tiaea aiamants or radionudides wll be 
leviewBd. 



Influence of Sedimentation upon Biological 
Availability of Radionuclides 

Estuarine areas differ from the open sea in several features 
that alter the relative faifluence of the water, organisms, and 

bottom sediments upon trace element and :.id]onuclicle 
transport and distribution in the two envirorunents. In the 
sea, limited sedimentation processes are slow, and the 
depth-<;o!iibility Telationships for elements in the deeper 
waters plus the length of time required for particles to sink 
to the bottom result hi die return of most etemenls to Oe 
water as ions or colloids before they reach the bottom. In 
contrast, relatively high rates of sedimentation occur in 
estuarine areas. 

Estuarine nutrients are supplied mainly by surface run- 
off, which leaches organic and inorganic materials from the 
watersheds. The nutrients are transported by rivers, primar- 
ily in solution or in colloidal form, although some rivers of 
high velocity may contain large amounts of suspended sedi- 
ments, especially during flood conditions. Variable nmmts 
of biologically important elements, including iron, manga- 
nese, cobalt, zinc, copper, molybdenum, and phosphate, are 
supplied by the rivers, usually in great excess of the amounts 
the photo^thetic plants aie capable of utilizing or even 
accuimdating. Nitrate is also supplied by rivers, but, tmlOce 
the elements listed above, it is usually introduced in small 
amounts and often m^ be a lixniUng factor for organic pro- 
ductivity fat estuarine areu (Ketchum and Bowen. 19S8). 

Other elements witli no knowt; bic'lo^^ical function may also 
be supplied in amounts exceeding their solubili^ in sea- 
water. These bielude scandhm. sflver. zirconhim. lead, and 

cerium (Carnentei :iiid Grant, 1967). 

When rivers enter estuanes, current velocities decrease, 
and, as a result, much of tte suspended sedfanenis sink at 
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rates dependent on the size and mass of the paiticles. Upon 
mixing of the river wtter with the lallne waters of the estu- 
aries, iron, aluinimirn g.jllium. titanium, zirconium, scan- 
dium, and dissolved silica precipitate into hydrous gels, and 
die ooagnlatioa of coHddal day pMtides occurs because of 
the increase in pH and electrolyte content of (he water. 
Simultaneously with precipitation of these colloids, mag- 
nesiuin and eakhiin may exdiange with some, but not all, 
of the cations adsorbed to the suspended particles of river 
sediment. Zinc, at least, is not accumulated by Columbia 
River sediments throu^i a simple Ion-exchange reaction. 
Johnson ei al. (1967) observed that only an insignificant 
fraction of ^^Zn (0 to 3.3 percent; average 0.76 percent) 
was removed from fiediwater Columbia Rhwr sediments by 
artificial seawater In contrast. 0.05 JVCUSO4 solution re- 
moved 33 to S4 percent of the radionucUde. In nine sam- 
ples of Columbia River sediment, about 40 percent of the 
**Mn and none of the "Cr or ''*Sc ro«i!d be removed by 
the action of artit"icial seawater. l iie authors attributed the 
behavior of the *'Zn to "specific absorption" (Tiller and 
Hodgson, 1*562), in which the metal s«irb<?d '.o the sediment 
cannot be displaced by alkali or alkaline earth ino'LjU but 
may be displaced by other transitioa dements. The gi neral 
order of displacement from sediment or soils is Cu^^ > 
Co*»>Zn**>Mn*'. 

Precipitation and coprecipitation of river, materials is pri- 
marily a phyaicochemical process. The ensuing association 
of the precipitates with suspended and bottom sediments, 
detritus, and biota does not result entirely, however, from 
inorganic roedianisms. For some elements, at least, the bac- 
teris snd other mierooiganisms associated with the surface 
of the sediments, detritus, and organisms appear to play a 
signiAcant role in the adsorption and desorption of fine pie- 
dpjtates and ions fma and to estuarine waters. In addition, 
benthic filter feeders may accelerate sedimentan," processes 
in some areas by producing fecal particulates from ingested 
colloids and Hne particulates (Duke ef df.. 1966). 

Estuarine stJimeiits jre of primarv' importance in deter- 
mining the distribution and availability of added trace ele- 
ments and ndioRuclides to the water organisms. This is true 
because the sediments present the greatest total reactive SUf* 
face of the estuarine components, contain large amounts of 
adsorbed petlpliyton, snd aie sutiject to gravity. Sedimenta- 
tion in estuarine regions is highly efficient, with rapid re- 
moval of most nonconservative dements from the water to 
the bottom, so that only a minor fraction of this material, 
introduced by rivers, reaches the open sea. Thus, the sedi- 
ments retain added trace elements and radionuclides in 
estuaries so that they are avaHaUe to organiams for loncer 
periods of time than if the trace elements remained hi SoIuf 
tion or were suspended in the water. 

Parkei (1962. 1963) and his associates calculated the 

mass, per sqisare meter, of the water, upper sediments, and 
organisms m a lexas salt niarsii and determined the distnbu- 
tkm of ivaOable oobilt, iron, manganese, and 2inc under 



equilibrium conditions in the ^stem. With an average water 
depth of I m and a 3-cm depth of sediment available for 

exchange reactions, the water acciuiriici.1 I'^t almost 97 per- 
cent of the total mass, the sediments about 3 percent, and 
the total biomass about 0.3S pereent (Table 8). Although 
the water represented most of the mass, it contairiciJ unly 
minor amounts of the four elements, accounting for about 
3.1 percent of Ae cobalt and less than 1 percent of the Iron, 

manganese, or zinc. In the sediments, -only extrictable or 
biologically available element contents were considered. 
Even widi tfiis lestiietion, 70 to 95 percent of the four 
elements were associated with the sediments The w.itcr to- 
sediment ratios were 1/1,000 for iron, l/550for manganese. 
1/1 10 for zinc, and 1/24 for cobalt, suggesting that iron and 
manganese were more strongly influenced by s<'dirnentafion 
processes m this type of estuarj' than were zinc and cobalt. 

Turekian and his coworkers (Carr and Turekian, 1961; 
Turekian and Schutz, I<?65; .Schutz and Turekian, 196Sa 
and b; Turekian. 1965,196«, Kiiarkar et al., 1968) consid- 
ered in detail the removal of trace elements from rivers and 
seawater in nearshore areas and emphasized the action of 
the biota in removing added cobalt, nickel, and silver, 
supplied by streams, to the sediments. Kharicar er a/. (1968) 
studied the adsorption of several elements onto ferric hy- 
droxide, manganese dioxide, and clays under conditions 
that simulated the river environment, followed by desorp- 
tion in seawater. In experiments with freshly precipilated 
ferric hydroxide. 79 percent of cobalt , SO percent of siWer, 
and 74 percent of selenium originally dissolved in fresh 
water remained associated with ferric hydroxide precipi- 
tated under estuarine conditions, in nature, this reaction 
could result in significant sedimentation of these three cle- 
menu. in similar experiments with day, 27 to S5 percent 
of cobalt, 14 to 25 percent of sOver. and 1 5 to 35 percent 
of selenium supplied by the streams would be lanied to 
the bottom sediments by setUing clay particles in the 
marine environment. Manganese hydroxide, in general, was 
least effective in coprecipit.iting several tr.ice i>lcmenls. 
with 20 percent of total stream cobalt, 4 percent of total 
stream sdver, and 34 percent 0( total stream sdenmm re- 
maining associated with the particles in salt water 

Jones (1960), in laboratory experimenu with radioni- 
thenium, observed ttiat die uptake of nitrosyl nitiienhim 
by sediments was directly proportional to their surface areas 
and that, once adsorbed, less than 7 percent of the ruthe- 
nium could be removed from flie nunine aedimentaiy p■^ 

tides by seawater even at pM values nf 6. 4, or 2. He 
observed further that ferric hydroxide was capable of 
interacting with the radioruthenium and the sediments, 
enhancing the uptake and retention of the element Jones 

reported 

Where rivers flow to the sea vi.-j iron ore deposits, iron is 
brought to the s.cj m relatively kirgf auantities particularly 
as colloidal particles. . . . When terric ions are added to sea 
water eontaintaig (AmefshanO nitrosyl Ru**** and shaken 
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tot Six iMUts, tbeie fendts an insoluble complex twtween 
the iron and nithenium which can be removed by centiifd- 

gation. In such an cxpcrimL--i! , . . some 70 percent of the 
Ru>*>^ was removed at ^li iron concentration of 1 ppm. 

Jones observed that by doubling the amount of iron nor- 
mally adsorbed onto the sand fraction of the ntarine sedi- 
ment ( 1 4 mg Fe/g sand to 3.1 mg Fe g sand), the uptake 
of "*^Ru from seawatei also doubled when the sand was 
subsequently placed in the contaminated seawater. In field 
studies of the accuirodatkm of nitrosyl ruthenium by fine 
particles aod nuuiiie oq^nisms near tlie outQow of the 
Windscale Works on the Iffih Sea, Jones attributed the 
major uptake of radioruthenium to physical adsorption. 
Teinpleton and Preston (1966) reported that concentration 
factors for ■'^^Ru in Britirfi nearshore sediments, or for 
suspended uialtet that later settled out, were largely a func- 
tion of particle size and rangied from 10^ for coarse sands 
to 1 0* for finely divided sflts. Even in productive areas the 
top LLT.tiineter of bottom scdinuM'.is tiu'. provide a mass- 
three tunes that of the toul biomass (Parker, 1962), and 
minimum concentration factors of 3 X 1 0> to 3 X 1 0* in tlie 
biota would he required to equal physical adsorption by the 
top centimeter of sediment. Frequent resuspension of the 
top several centimeters of bottom sediments by wind actioa 
and turbulence from tidal currents would increase even 
more the relative adsorption efficiency of the sediments. 

Hampson ( 1 967) measured the diapenion of *'Zr and 
''*Nb in estuarinc areas. Those elements adsorb strongly to 
surfaces, in comparison with '^^Ru, which represents radio- 
nuclides of medium adsorptlve diaracteristies. Conoentra- 
tion factors for "Zr in the sediments varied from 4X10* 
to 1 X 10^ and for ^^Nb. from 6X 10^ to 8 X 10^ compared 
with the average activities of the two radionuclides in the 
water over a 4-wcek period. These concentration factors 
were 1 00 to 200 times as great as those measured in the 
benthic alga Porpkyn for the same radfcmudides (CF "Zr, 
410: CF '*Nb, 4.^0). and the higher values measured in the 
sediments are as great as or greater than any reported for any 
marine oiganiims, for *'Zr or *'Nb. According to Hampson, 
"The high concentrations of '*Zr and "Nb found on sedi- 
ments at Dounrcay indicate a strong scavenging ot these 
two nuclides from the sea water by slUoeous and detiltal 
material 

in addition to the rapid removal of iron, aluminum, 
silver, cobalt, ruthenium, manganese, scandium, zirco- 
nium, and niobium to suspended and shallow bottom 
sediments, other elements, including zinc and phosphorus, 
are also concentrated by the sediments. OrrtlM?) and 
Marshall and Orr ( 1 948 ) observed that large amounts of 
phosphate disappeared from a semi-isolated shallow marine 

*The conditions qwMd by Usnipsoo an fw DoBBieay. Peci^ 
the Dounreay iltuation is the liloMUS and detiltal mateiiaL Acoord- 
ing to W L. Templetun (pefwai conuw u i i B a tiow), these oonditkwtt 

do not exist in tlie Irish Sea. 



basin at rates much greater than could result from phyto- 
plankton production. Bachmann ( 1 963 ) showed that oxi- 
dized sediments could remove 96 percent of zinc added to 
saline waters in 22 days, and Seymour ami Lewis (1964) 
found that 69 percent of ^'Zn in the water off the Wadi- 
ington coast in the shallow but open sea areas was associ- 
ated with particles that were stopped by a 0.45-^ fdter. 
Duke et at. (1966) studied the movement of **Zn (added to 
the water in solution) ilirougli an estuarine ecosystem con- 
tained in a walled pond. At the end of 1 00 days, 99.4 pet- 
cent of the remaining zhic was in the aediments and the 
associated periphytoD, and 0,6 percent vras fai the plants 
and animals. 

Evidence that other elements also precipitate from river 

water added to shallow areas nf 'lie sea has been obser-ed 
by several investigators. The average scandium content of 
the leaves of sugar cane is about 4.3 X lO-^ fig/g of living 
leaf. The average scandium content of washed leaf detdtlU 
from sugar cane in the top layer of nearshore marine sedl- 
ments hi one bay of Puerto Rko b about 5.2 it% of scandium 
per gram of wet leaf fragment-an increase of about 1 20 
times that of the content in living material. Tlie iron content 
in the detritus was about 210 times, ni^l 3 tfanes, and 
manganese 2.2 times the amounts of the same elements in 
the living leaves (D. K. Phelps, personal communication). 
This is hi agreement with the obseivation of Hood aod 
Slowey ( 1 96.^1 that a large portion of the manganese in the 
water of the Brazos Kiver of Texas was deposited quiddy 
in the vicinity of the fiesh water-seawater interface and 
that the manganese was not associated with clay. Manganeie 
IS known to be coprecipitated with iron under estuarine 
conditions. 

In most cases, the amounts of iron and other easily hy- 
drolyzed elements in seawater probably do not form pre- 
cipitates large enough to sink from gravity. A large fraction 
of these precipitates appear to adsorb rapidly and firmly to 
the surfaces of mineral and clay particles, to phy toplankton 
and zooplanktoo, and to particulate organic detritus. These 
larger particles are usually subject to sedimentation, the 
rates dependent upon their size, shape, and specific gravity. 
In addition, particles as small as bacteria, at least, are sul^ 
ject to efficient removal from the water by benthic mol- 
luscs, which are capable of essentially complete removal of 
particulates from volumes of water two orders of magnitude 
greater than tiut of llie animal voJume in a few hours 
(Lund. l9S7aaadb). 



Effects of Epiphyton on Uptake and Loss of 
Radionudidies by Sediments 

Relatively few investigations have been made to compare 
the role of bacteria and of inorganic adsorption processes in 
the uptake of trace elements and radionuclides by near- 
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shore suspended and bottom sediments. Microbial cpiphy ton 
ihow a nuufced propemity for twoeiation with (wrticulate 

material and for the accumulation of ionic and L-olloidal 
tf ace elements. They thrive in estuarine areas supplied with 
avginic food and oflier nutriento from rim ranofif in which 
an abundance of surfaces upon which the microbes may 
flourish are present, in comparison with the situation in the 
open sea. Marine bacteria appear to lequJre then wrfaees 
for continued growth and division. 

Rubentschik et al. (1936) reported tlutt bacteria ad- 
sorbed readily onto porithwly duu|ed nrnd particles in 
saline sediments and that 99.2 percent of all the bacteria 
were adsorbed to the sediments at an optimum concenlra- 
tion of about 2 cells per microgram of nnid.* Wood (1953) 
observed that optimum bacterial adsorption occurred on 
particles i to 2^ in diameter and that up to 99.& percent of 
the cells were adsofbed. The aawdation of peripl^ton with 
sediments appears '.o be directly related to the available ad- 
sorptive surface area. Thus, greater numbers of microorga- 
niams are associated with smaUer ptrlides. Wood (1965) 
showed that the amounts of nitrogen in cstuarine sediments 
increased rapidly with decreased particle size. A significant 
fraction of total nitrogen in some cstuarine regiom nuy be 
associated with the epiphyton in sediments According to 
Wood, the microbiuu iSiOciateU with tiiesc imc paiUclcs 
are important in food chains because many ammals. include 
ing mullets, are capable of selecting for fine particles. 

For the large amounts of epiphyton in sediments to sig- 
niflcantly influence the distribution of added trace clementt 
or radionuclides, these organima must be capable of accu- 
mulating the contaminants at concentration factors com- 
parable to those of inorganic adsorptive mediaoilntt that 
operate on the sediment surfaces. 

Marine pciiptiyton are known to accumulate several trace 
elements efficiently. Chipman and Scliommers (1968) 
deaoed the marine clam Tapes of bacteria and icept it in 
sterilized seawater. The diells accumulated 1/22 to 1/36 as 
much '^Mn as the shells with bacteria, although metabolic 
uptalte into tlie soft parts of the sterilized and unsteiiiized 
dams was the same. Lowman et ef. (I9S6) noted that the 
accumulation of radionuclides by benthic algae at the 
Eniwetok lest site was directly related to surface area of 
the plants. Several radionudides, fochidtag ^Zn, become 
rapidly adsorbed to the walls of plastic aquaria containing 
marine bacteria, although little or no adsorption occurs 
under sterile conditions. Zobell (1946) pointed out that 
placing seawater in a container increased the number of bac- 
teria sharply and unnaturally in comparison with natural 
conditions. This characteristic of aquarium environments 
has plagued many investigators studying the uptake of a 
wide variety of radionuclides by marine organisms. In both 
frerfi and marine water, the periphyton exhibit maiiced 

*At iMt eoMntttition, ttw MdimtniyiMcterit niio wcmiM lie ap- 
pioniiBMly 3W/1. 



ability to accumulate a variety of biologically important 
radionudides. However, quantitatWe meaaures of concen- 
tration factors in these organisms are difficult to determine 
because of their extremely small blomass and their intimate 
afsodniion with the subatrate (Kevem et el., 1966). 

Poneroy eial. (1967) observed that rdatively large 
amounts of phosphate and trace metals were adsorbed onto 
the sedhnents hi salt marshes of die eastern Unfted States. 

According to Pomeroy et al.. there is httle doubt that the 
bacteria adsorbed to tiie sediment particles provided an im- 
portant lintc between the adsorbed materUl on the sedi- 
ments and filter-feeding and deposit feeding benthic orp- 
lusms. Pomeroy and ttis associates found that ^'Zn and ^^P, 
introduced taito theestuaiine regions, were adsorbed quickly 

and locally near the sites nt" intrnducttcjn and were not 
transported appreciably by water duruig sliort periods of 
thne. 

Because most of the **Zn and became adsorbed 
onto the particles of sediment and detritus, the filter-feeding 
benthic oiganiamB wen the first to show detectable amoimta 
of the radionuclides and to reach peak levels of activity 
The turnover times in the tiUer feeders were long, and these 
organisms provided a relatively large biomass in the area in^ 
vestigated. Pomeroy et al. postulated that the benthic filter 
feeders thus provided a pool for slowing the movements of 
the radionuclides through the system. 

The ^^Zn and ^'P reached equilibrium between the water 
and the sediments within 24 hours. With continued additions 
of radionuclides, the amounts in the sediments would in- 
crease until daily loss equaled daily accumulation in the 
sediments. At equilibrium the amounts in the sediments 
would greatly exceed the amounts in the water and the 
amount added each day. Pomeroy et al. did find, however, 
that continuoiis exdiange occurred between the water and 
the sediments and that the radionuclides became more 
widely dispersed with time. Pomeroy etai. (196S) reported 
that tfie exchange of phosphate between the water and the 
sediment was controlled by two mechanisms, one an in- 
organic sorption reaction and the other controlled by bio- 
logical exchange, probably between adsorbed microorga- 
nisms and the water. In surface fractions of the sediments 
poisoned by formalin, the rate of inorganic exchange of 
phosphorus was only one half to two thirds the rate of in- 
organic plus biological exchange for sediments with living 
microorganisms, if the same fraction of total exchange 
holds for other elements as for phosphorus, then the ndcio* 
organisms may exert a piotound ei'fect upon trace element 
distribution in sedinMnu. Concentration factors in sedi- 
ments for several nuclides, based on micrograms of ex- 
chaiii'c.iMc in.iM. manganese, phosphi;rL:>, calcium, and 
strontium per gram in sediment divided by micrograms of 
dement per gram m water (or on acthrity of radionudides 
of zirconium, niobium, and ruthenium per gram in sedi- 
ment divided by the activity per gram in water), have been 
reported as follows: 
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RaiUoQctMty fn the Marint EmAromnwt 



Nuclide 


ConoentntloD Factor 


Reference 




Fe 


— 

2.9X10' 


Ganapathy ei al. (1968) 


Mn 


2.8X10* 


Ganapathy et al. (1968) 


Nb 


6X10^ to 8X10* 


Hampson(l%7) 


Zr 


4X10* to 1XI0» 


Hampson(1967) 


P 


7JX10* 


Ganapathy ef«/.( 1968) 


Ru 


1.0X10* 


Templeton and PMston 






(1966) 


Ca 


70 


Ganapatlv«ra'.(l968) 


Sr 


33 


Gan8i»tl^cfal.(1968) 



In the case of iron and manganese, the extremely high 
concentration factors are most probably due to inorganic 
precipitation of iron and coprecipitation of manganeae. 
For the other elements, however, a significant fraction of 
them and their radionuclides may be accumulated in the 
sediments tlm»ish biological activity. Even in the case of 
coral reefs, in which essentially all of the bottom is cal- 
cium carbonate, only a small fraction of the calcium or 
strontiuin in the ovedyiqg water is sedlmented by biologi- 
cal meclianiantt. 



Oxidizing Bacteria and Reducing Sediments 

The combination of precipitation of colloids, physical ad- 
sorption to sediments, and uptake by periphyton result in 
large stores of exchangeable nutrients in the bottom sedl- 
mcnts In these shallow areas of high productivity, large 
populations of oxidizing bacteria often produce reducing 
environments containing varying amounts of hydrogen sul* 
fide, especially in areas of limited current and wave action. 

Ito and imai (1955) reported tliat the bottom sediments 
300 m distant from Japanese oyster farms contained an 
average of 0 7 percent total sulfide but that directly under 
the oyster rafts the sulfide amounted to 4 percent of the 
total sedbnents. According to these investqators, "when 
the bottom sedimcri! in stirred by turbulence, the hydrogen 
sulfide m the sediment is liberated into sea water. If the 
<»cygen content of the sea water is high, the liberated sul- 
fide may be left unoxidi^ed ' The release of hydrogen sul- 
fide into the water by resuspensiun of sediments precipi- 
tates some of the trace elements introduced into estuaries 
or sounds (Schutz and Turekian, 196'^3) !n shallow areas, 
nickel, copper. £inc, silver, and lead could react with biog- 
enous hydrogen sulfide in the bottom sediments and be 

prccipitHlt'd as sulfides 

Evidence (hat leducing environments and production of 
hydrogen sulfide ate effective in t ixing of trace elements In 
bottom sediments is provided by fossil sedimcnrs Carbo- 
nate deposits ioriiied in siiallow water rich in organic ma- 
terial often am enriched in vanadhim, nldcel. copper, zinc. 



germanium, arsenic, brombie. molybdenum, iodine, and 

lead (Chilingarc/fl/., 1967) Keith and Degens (1959) have 
reviewed the simUarity of trace element assemblages in sedi- 
mentaiy pyrites and those in organisms and the possibility 
that the elements were collected by organic material. 
Arrhenius (I959j discussed the enhanced amounts of zinc, 
coppnr, lead, tin, and sBver in biogenoos apatite, and sev- 
eral autboia have reported positive relationships between 
biOfenie carbon and trace elements in shales (Twenhofel, 
1932; Mason, 19S8). 



Sedimentatton by Buithlc Orsatilsms in 

i^stuaries 

In some estuarine regions, benthic filter feeders may «xert 
profound effects upon the rates of sedimentation. Some of 
the highest concentration factors for trace elements in ma^ 

rine organisms have been reported for benthic filter feeders. 
Oysters have been reported to concentrate ***Zn up to 
250,000 times the amounts present in water (Chiproan 
etal., 1958; Preston. I ')66), however, field experiments of 
Seymour (1966) showed concentration factors about one 
order of magnitude loiwr. These differences in concentra- 
tion factors ate probably due to the fact that uptake in 
oysters is determined primarily by uptake of particulates 
from the water and not from the element in solution. Anal- 
yses of oysfiT feces and pseudnffces were reported by 
Haven and Morales-Alamo (1966a), who showed that 70 to 
90 percent of the matetlai consisted of ffllte, chlorite, and 
mLxed-Iaycr clays. Lund (19573) reported that oysters 
could clear turbid suspensions of yeast, milk, kaolin, carbon 
Uadc, fuller's earth, yoOc of hen's egg, soluble starch, cal- 
cium carbonate particles, isolated chloroplasts. Euglena, 
C'Morella, diatoms, and protozoa. Haven and Morales- Alamo 
(1966b) obsenred that the ranges of partide size In feces, 
pseudofeces. and control sediment particulates were essen- 
tially the same, with at least 80 percent of the particles 
under 2 |i and 95 percent leH than 3 fi. The minerd compo- 
sitions were similar, with contents of 70 to oo percent 
iliite, chlorite, and mixed-layer clay. During a 9-month 
period, the organic content (assundng 40 percent carbon 
content) averaged 16 percent in the feces, 12 percent in the 
pseudofeces, and 10 percent In the control sediments. The 
particulates bi the water filtered by the oysters tadudad 

about equal amounfs of bioseslon and abioseston. Although 
some discrimination agamsl the uiutganic particulates oc- 
curred, the composition of the excreta suggest that large 

amounts of suspended sediments were ingested by the oys- 
ters. Sediments, with their associated nucrobiota, were 

shown above to be capable of concentrating several trace 

elements al concentrations 10^ to 10^ over the amounts of 
trace elements already preconcentrated in the sediments. In 
addition, Uoseston an capable of adwrbing iaige amounts 



Copyrighted material 



Accumulation and Redistribution of Radionuclides by Marine Organisms 



193 



of hydrous colloids of iron and aluminum along with their 
suites of coprecipitated metals, and the utilization of these 
plants for food would contribute greatly to the trace ele> 
mcnt accumulation in oysters and other filter tctHlcrs, 

In some estuaries, the molluscs and possiUy the baina- 
clet, tonlcates, and zooplankton an more efficient in tt- 
moving phyloplankton. organic detritus, and other small 
particulates from the water than arc the effects of gravity. 
Many of these organisms select for the smaller partlde sizes. 
JiSrgensen and Goldbcrg(1953) demonstrntiv! tluit Crassm- 
trea virginica retained 2> to 2-tt particles, but that a majori^ 
of partides smaller than I to 2 m passed through the gills 
and were not utilized. Most of the large particles transported 
by rivers are dropped near the outflows in which few, if 
any, Alter feeders dwell. Sedimentation of larger sand and 
silt particles is due almost entirely to gravity. Sedimentation 
of smaller particles in the l'to>3-ii range often occurs, to a 
large degree, from the action of fliter-feeding benthic 
organisms-if large numbers of these anim iK .ne pie\ei>: 
Lund (1957b) showed that the amounts of small particu- 
lates in seawater that were sedimented througlh the fieees and 
pseudofeces of oysters in laborator)' experiments were 
eight times greater than those deposited on the bottom by 
gravity. Haven and Morales-Alamo (1966b) in similar experi- 
ments arrived at a ratiu uf" 7 to t fur bioJcpusition to in- 
organic sedimentation. Of course, relative sedimenution 
rates bf organisms and by gnvfty are dependent upon, 
among other things, the mtin of the volume of water to the 
volume of organisms. However, several field observations 
and experimental measurements indkate that in the natural 

environment, too. biological deposition may sometimes 
equal or exceed inorganic sedimenution from gravity. 
In li^an. Ito and Imai (1 955) leported that an oyster 

weighing 90 g g of soft pirts) was capable of producing 
daily a minimum amount of feces equal to 3.3 percent of 
die live animal weif^t. At this rate the oyster would pro- 
duce feces equal to more than 10 times its live hodv weight 
per year. Tliese authors calculated that a raft of oysters of 
60 m* would produce annually 0.6 to 1 .0 metric tons (diy 

weigh') nf fecal pellets, an amount equal to 10 to 16kg 
(dry weight) of fecal pellets per m^. The top centimeter of 
bottom sedbnent in a square meter weighs about IS kg; 
thus, a physical sedimentation rale of about 1 cm per year 
would be required to equal the biological sedimentation 
from fecal pdlets under the oyster rafts. 

In a study of biodeposition in the laboratory, fun J 
(195 7b) calculated that oysters covering an acre of estuary 
bottom would deposit about 7.6 metric tons of fecal ma- 
terial (dry weight) in 1 1 days. Assuming that this represents 
a reasonable average for 9 months of tiie year, an annual 
deposition of 190 metric tons woidd result. An acre con- 
tains about 4 ! X 1 0^ m' . The annual deposit of fecal pellets 
would thus be 46,500 g/m'. A physical sedimentation rate 
of about 3 cm pel ymr would be required to equal the bio- 
lofical depoiitioa rate of oysten com|ilfttely covering the 



bottom. Oysters could not survive under these conditions, 
and it appears that the population density of oysters over 
large areas may be controlled, in part at least, by the pro- 
duction of excretory products. Even in areas where oysters 
covered only a third of the bottom, the biological sedimen- 
tation rates would be high. 

Haven and Morales-Alainc.^ ( I '^66b i conducted studies on 
biodeposition by the oyster Crassostrea virginica through- 
out die year and tdated variation m feed production to 
season. Below 2.8°C during the winter months, nieasuiable 
amounts of excretory products were not produced. Maxi- 
mum amounts of feces and pwudofeces were produced 
during September. These authon stated 

In tlie lower Yoric River, commercial oyster growers fre- 
quently plant to an acre about 250,000 small oysters simi- 
lar m sue to those used m the (rough study. From April 
through October these would deposit ab iut 40> kg ( dr>' 
weight)/week of solids with a maximum of 981 kg/weelii 
laiiBr oysten would produce greater quantities. 

During the interval April through October the young oys- 
ten would deposit about 3 X 1^ g of excietoiy products 

per square meter, equal to about 2 mm of sedimeotttiOO 
per year. Haven and Morales-Alamo noted that 

Biodeposition ratos for other common species of inverte- 
brates may equal or exceed that of the oysters, and when 
the abundance of these animals is considered, the magnitude 
of the process becomes evident. Barnacles literally cover 
many wharfs and pilings in the intertidal zone as well as 
rocks and shells on the bottom. Tunicates compete for 
epace on the aame objects end meny huiMbedt nay be 
found in 0.1 m'. Soft dams and riblsed musMls occur in 
tlie shallow intertidal zone and their densities may Iw as 
as several hundred on a square meter. 



Biological Productivity and Radionuclide 
Distribution in Estuaries 

Photosynthesis in estuarine areas is accompUsiied by both 
phy toplankton and benthic plants. The character of the 
esiuaniie region determines the relative importance of the 
different primary producers, in estuaries near Sapelo Island, 
Georgia, Ragolzkie(I9S9) reported that phy toplankton 
provided little or no production but that marsh grass ac- 
counted for al>oui &0 percent and benthic algae 20 percent 
of the totsl. in estueriea near Beaufort, North CaroUna, 
Williams and Murdoch (1966. l^^CQ) repoited that phylo- 
plankton, maiah grass, and eel grass and benthic algae each 
accounted for about a third of the total productivity. In 
other estuarine areas, phyloplankton apparently provide 
almost all of the photoqrnthetk activity (iCetchuro, 1967). 

In rfiaUow, tuiUd estuarine areas, a major source of 
trace eleroenU and radionuclides for higher trophk levels 
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appears to be suspended particles ot both organic and in- 
organic origin (Fhelps, 1967; Haven and Morales-Alanio, 

1966a and b). Thus, in estuarine reg; iiv ( s i J web;, arc 
probably not as important as they are in the open sea. Sig- 
nificant prooenes governing the transport and distribution 

of introduced tontaniinants in estuarine regions may be 
divided into physicochetnical and biological categories: 

P^tkochemkal 

Settling of large particles, with "selectively sorbcd" 
radionticlides, as a result of reduced current (low of rivers 
Precipitation and coprecipitation by Iiydrous gels 

Ad«'rption of gels and copnx ipiiatcs onto luspended 
abioseston, seston, and bottom sediments 

Adsorption of precipitated ooUotds and selective accumu- 

lation of ions by peripfayton 
Sedlraentation by planlttonic and benthic filter feeders 
Suinde precipitation and legeneration by reducing muds 

from bacterial action 

Quantitative measurements are not available from which 
the relative utfluence of physical and biological mechani&nu 
can be determined for individual radionuclides, altliough 
"P, s<Mn. "Fe, ''Fe. *»Co. soCo, «Zn. »sZr. ^^Nb. 
lOJRu, »06Ru^ 46Sc^ »»OAg, and ^^Ct-^^Pt would be 
rapidly aedimented by prec^ation, coprecipitation, and 
biological activity. Iron and phosphorus would be partiailly 
regenerated, at least, under reducing conditions. 



Importance of Etttiarine Regions to Man 

More detailed and quantitative data are needed to evaluate 
the physical and biolo^cal mechanisms that oontfol tlM dis> 

tribution and transport of radionuclides introduced into 
estuarine areas. Many of these areas are of critical interest 
toman. 

The most populated areas of the world arc contained in a 
strip 250 miles wide around tiic I'acitic, Atlantic, and Indian 
Oceana. Most of the laiga cities, with their associated indue- 
tries, am located close to the sea or on rivers that are navi- 
gable to the sea. Thus, man's major point of contact with 
the ocean has been and wiH continue to be in nearshore 
areas, especially estuaries. The use and incidental produc- 
tion of radionuclides will continue to increase, some of 
these isotopes will never reach the open sea but will accu- 
mulate instead in estuaries, These regions are important to 
commercial fisheries since they serve as nursery grounds for 
larval and immature forms. About 6S percent of all the com- 
mercial iish and sheHfish harvested in tlie United States 



consists of species lliat occupy estuarine areas during some 
phase of their life cycle. 

Molluscs provide the third most economically valuable 
fishery in the United States. Because these animals ingest 
phytoplankton, detritus, and ledbnent, they are capable of 

greatly conccntratin,: > nic radionuclides. They thus may 
pass relatively large amounts of short-lived nuclides to man, 
In compariKM to the activity that would be accumulated 
through other food chains or webs in whi.h the food Orga- 
nisms are mon selective in their eating habiu. 

Hie most significant role of estuarine organisms in con- 
taminated areas is ynobably that of transpi irtin^: the radio- 
active contaminants from the shallow water areas to man. 
This ledistributimi of radionudides may not be sIgRificant 
in terms of the lotil arr.cunts released into marine areas, 
but it may occasionally result in the ingestion of undesirable 
amounts of these nuclides by some individuals eating laifa 
amounts of seafood from limited areas over long periods of 
time. That the return of radionuclides to man does not rep- 
resent a significant proportion of the total released has been 
demonstr.ited by Templeton and Preston (1966). They state 
that surveys of the seaweed /to/pA^ra umbilicolis, used as 
food by man, show that the annual quantities of '^Ru 

reaching the South Walesatgafbrp/ivTj represent 1cs:n than 
one millionth of the *^Ru discharged. At the present tune, 
no use of marine food is restricted because of contamina- 
tion by man-made radionuclides. Restrictions upon food 
items that may be utilized by man from estuarine regions 
because of contaminants should not be condoned. Rather, 
an adequate knowledge of the mechanisms controlling the 
movements and distributions of radioactive and oth« con- 
taminants in marine regions must be used to restrict the bh 
troduclion of these materials to levels that may he safely 
tolerated in these vital and ecologically sensitive areas- 



SUMMARY 

A major traction ol the mass and surface area of the biota 
in the sea is provided by the lower trophie bveb of food 
webs. Biological transport of some trace elements and radio- 
nuclides has been attributed to these organisms. One reason 
is that they are capable of concentrating several elements to 
levels much greater than their concentration levels in the 
water; in addition, many zooplankton undergo vertical mi- 
gration and produce detritus in the form of fecal pellets, 
moults, and carcasses, which sirdc because of the influence of 
gravity. Elements that may be significantly concentrated by 
marine organisms include structural, catalytic, and lieavy 
divalent elements: la avy kaloccns: and elements easily 
hydrolyzed at scawaicr pll Tlic ainounts ot (he nutrient 
elements-phosphate, nitrate, and silicate-increase signifi* 
cantiy with increased depth in the sea,incoatnst tothe 
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amounts of the ooiuetvitive dements, vMdi dunie only 

with salinity. 

The heawy divalent ioni-lMiium end leid, the rue earths, 

yttriutn, scandiiun. and silver follow the distribution JWt* 
terns of the nutrient elements to varying degrees. 
Considerations lelsled to Momass, feeding ntes, oonvei^ 

sion efficiencies, and migratory habits of zooplanlcton, IS 
wcU as the chemical characteristics of the elements of inter- 
est, suggest that the miqor downward transport of these 
elements and radionuclides is effected through the influcnci- 
of gravity on fecal pellets, moults, and carcasses, with direct 
biologieal transport accounting for 10 percent of less of the 

total movement ti^ward the hottom of the sca. 

in estuanne and other ncar&hure marine regions, the bot- 
tom sediments are dose to the sites of photosynthesis and 
to the sites of the introduction of fallout and terrestrial 
additions of radionuclides. In these niahne regions, the bot- 
tom sediments and their associated epiphyton often signifi- 
cantly influence the distribution o!" added radionuclides. In 
areas containing large populations uf sessile tiitcr feeders, 
these organisms may exert profound effects upon the rates 
of sedimentation of added trace elements and radionudides. 
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Chapter Bght 

ECOLOGICAL 
INTERACTIONS 
OF MARINE 
RADIOACTIVITY 

V. r. BoYfen, J. S. Otsen, C L Osterberg, J. Raven 



Ecology considers otgnrisms not as iodividittis in iicdalion 

but as components of systems that include other organisntt— 
plants, aninuiis, and the host ol microor^nisms— and In 
wUeh the Intertelatedneis of the lives of the component 
specii-s. :ind nf ul' 'Aith the environment, is the primary 
problem fur exploration. Clearly, the dichotomy between 
the approaches of this chapter and thoee of Chapter 7 is arti- 
ficial at best and unavoidably vague at many points; it has 
been, however, a curious aspect of the development of 
ladioecology (Morgan, 1960; Schtdtz and Kkment, 1963; 
Polikarpov. I'Jfift) that it has concentrated on the direct ef- 
fects of radioactivity on organisms and. in their environ- 
ments, on the effects of organisms on the distributions of 
radionuclides, to the very considerable neglect of compa- 
lable questions in respect to ecosystems. It is our hope in 
the pnseni chapter to move toward ledreariag ttds hnbal- 
artce, at leaNt to the extent of pointing out problems de- 
serving attention. 

It shcNdd be clearly understood that no parts of the 
argument to follow arc directed toward the view that levels 
of radioactivity now in the ocean present hazards to any 
marine species or ecosystems. Furthermore, present licensing 
procedures will permit the growth of nuclear power for 
many years to come without approaching the levels of ra- 
dioactivity introduced into the oceans by weapons testing. 
The purely honioccntric approach to decisions ahmii safe 
levels of radionuchde concentrations in the oceans is an in- 
complete one; nevertheless, we know of no evidence that it 
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has not provided for the protection of man and of the food 

chains of the sea on which he depends for sustennnce 

We believe that the probably large gene pools of most 
oceanic species, and tlieir efficient recraitmeRt from oceanic 

areas, provide oceanic eco;y?tcms ".v ith considerable resis- 
tance in the face of local mtroduciions of radioactivity. 
Measiuable damage to open^icean ecosystems may wdl not 
be encountered except a! hisjier concentrations of radioac- 
tivity than man could tolerate. Certainly, experience to date 
suggests that other factors are of far greater concern. The 

well-being of man, bOWever, depends on the vigor of the 
complex ecosystems of the sea; prudence, therefore, de- 
mands our continuing study of oceanic ndioecology to 
search for possible weak links In these chains, where radia- 
tion stress could be a problem even at comparatively low 
levels. It is an essential part of marine radioecology research 
to study the concentration patterns of radionuclides in ma- 
rine food elements in order to deteimine how radioactivity 
can be returned to man. Such studies ahoidd always bear hi 
mind the parallel search for problem areas not for man but 
for the ecosystems themselves. 

The oceans and seas are characterized by a physical and 
chemical stability quite unusual elsewhere in the biosphere. 
An ecological consequence of this stabibty has been, ap- 
parently, that eeo^ems of the open ocean are responsive 
to smaller changes in environmental variables than are typi- 
cally of signillcance elsewhere. In such a situation, continu- 
ous measurement of fundamental ecological paiametef a, 
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e.g.. temperature, salinity, pH, turbidity, insolation, Oj- 
tension, and the like, would be an extremely valuable, as 
well as obvious, approach. It is, however, extremely difflcult 
to avoid influencing the biological system through the veiy 
act of making the desired measurements. An instrument 
array suspended from a float can cause interesting changes 
in the ecosystem. Fish are attracted to the lloat, perhaps ini- 
tially by the shade. Algae and various sessile organisms with 
ptaldttonic stages settle on the hard sui : i c of the instru- 
ramt package. Birds landing on the float add nutrients to 
the system, enriching it. In response to hicieased primary 
productivity, the grazers move in, followed by the predators. 
Thus, the mere praaaoce of an iastrument array alters the 
oommunity itroetwe of the system befaig stiuUed. There 
may indeed be operating in ecology a paraUel of the "un- 
certainty principle** in physics. At least the great demand in 
the oeeu) for surfaces upon whidi to settle is satisfied in 
part and temporarily by the bitroduction of instruments, 
bringing to the community new members who previously 
found the site an unsatisfactory place to reside. At rates 
often significant in terms of "station tillK,** comparable and 
related changes are introduced by the presence of a ship or 
other phtfonn for scientist observen. 

In view of this situation, one may hope that the neutrals 
ity of Qoroputer modeling will permit insights to marine eco- 
^sterns dttt are not susceptible to direct observation, much 
less to experimental manipulation. 

In the jargon of today, ecology might be viewed as the 
"systems analysis" approach to the living world; as such, it 
appears to lend itself well to computer modeling as an ana- 
lytical tool. Modeling as an analytical technique is relatively 
new and by no means universally accepted or even under* 
stood , but we feel it is espediUy promuing for stu^ of 
marine ecology. 



ROLES OF MODELS IN THE 
FUTURE OF MARINE ECOLOGY 

The preparation of Chapters 1 1 and 12 tXTht Effects of 
A inmic Radialicn <m Oceanography and Fisiieries (National 
Academy of Sciences-National Research Council, 1957) and 
the Geneva conferences (United Nations, 1958) stimulated 
thinking about some of the large-scale problems of the nu- 
clear in terms of rather simple mathematical models, it 
wax never expected that models of four mixed "boxes** 
would encompass all that has been learned about the hydro- 
sphen, atmosphere, and biospliere in the decade just past. 
The current dupters on physical circulation, chemistry, and 
biology all have suggestions for improvement. But revisions 
might not have come so quickly if a provocative model of 
tooie generality hid not been set fbrth, e.g., by Craig 
(19S7«,b;l963). 



A commentary on modeling and abstraction as part of 
general scientific method (Levins, 1966) reminds us that we 
cannot hope to gain maximum generality, reality, and pre- 
cision at the same time. Fallout from nuclear tests provided 
a distinct opportunity for gaining more reality in modeling 
the atmosphere and hydrosphere-for instance, in permitting 
recognition of the subcompartmentali7.ation of the tropo- 
sphere and the stratosphere, in forcing attention to the ac- 
tual scales and modes of interchanges both within and be- 
tween the atmoiphere and hydrosphere, or in providtaig 
direct evidence of the existence of short-circuited pathways 
for movement of surface water to intermediate depths (Reid. 
1965; this volume. Chapter 4). The stege for more precision 
awaits refnied aistrumentitkm and analym and better sanh 
pling, designed to answer questions about the mechanism 
and biological significance of physical redistribution of mi- 
cUdes. An initating and often perplexing itspcci of the "re- 
fined instrumentation and better sampling" question is that 
these qualifications are based— or appear to be based-on 
interaction between the model and the experimenter: selec- 
tion of improved versions is one part of the continuing 
process of revision of model as well as of observations. 

In a recent meeting on modeling techniques in biological 
oceanqgraphy (Banse and Paulik, 1969), there was general 
agreement that construction of simulation models has special 
promise fior marine ecology. AMioogh endnisbstic reference 
was made to tlie success of models in fishery population dy^ 
oamics (where models have been built for tuna, halibut, 
salmon, and marine mammals, among others, and have be« 
of great importance in resource management), few other ex- 
amples could lie found of successful use of complex ecologi- 
cal models fai biological oceanography. This impression, that 
"practical science" is well ahead in the USe of modds, is 
Strengthened by Watt's (1968) exposition of the potentiaU- 
ties and lealitia of eootogical modeling hi niource manage- 
ment. In more theoretical ecoi u-v howeveri it seems that in 
the use of models that actively involve organic matter of the 
bioqihere, living and dead, research may be in a stage con>> 
panblewitbtliatof box models for the plivsiLdI .v i il J 10 
yean or more ago. In order to avoid mistakes of expecting 
too much or too little from the modeling of a very complex 
process, we nuiy note several valuable rules and phases of 
abstraction. 

Early models are very tentative, but should provide a 
framework for relating many ftagpients of present knowl- 
edge. They are broad enough to encompass a variety of spe- 
cial cases and suggest possibilities for relating these cases to 
one another, e.g., in an order governed by one or more pa- 
rameters. The general modeb may have too few parts to 1>e 
very realistic, but specific cases inay then hcconu- differenti- 
ated by adding (or subtracting) some componenu and speci- 
fying reactioiis that are more comprehensive (e.g., nonlinear) 
than thoK first tried. 
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Success approximations are naturally used to focus 
attention on pifametcrs (transfer rates) tliat have relatively 
greatest direct or indirect impact on the rest of the system 
or on a component of interest (e.g., man, wliales). This wn- 
sitivity analysis often shows that some coefftcients can vary 
widely with relatively unimportant impact, while smaller 
diangea in a key factor have crucial effects. Such findings 
thus guide continuing research to put mwe experimental or 
Held effort on certain variables than before. They spur us to 
pursue aspects of the problem that might have been over* 
loolced or at least postponed. 

Later refbumenis, in some cases at least, will permit 
sound predictions of the effects of disturbances— and of the 
fate of the disturbing sul>stances-such as from contamina- 
tion tliat has not yet occurred and thai one hopes may never 
occur (e.g., thermonuclear war or massive accidental releases 
of stored vrastes). Where releases of radioactivity are antici- 
pated (as in waste-disposal acthrities or in some technological 
uses of nuclear explosives), we expect the prerelease predic- 
tions to improve the efiiecthreness of the operation itself, of 
the postrelease monitoring, and of further scientific research 
on both effects and dispersal. We discuss bilow(pk 2Q1) that 
although suble element ("analytical") concentration latiot 
must be considered, they offer guides only to the equilib- 
rium dittribution of any radionuclides whose release may be 
of codcem. In most predictive modeling, the transient cott' 
ditimis indleated by Idnetie modilt will be of much grntfi 
value. (For further diacuuion, see Chapter IOl) 

[neaehsiageofmodelbigltisof the greatest importance 
that the model structure be examined for uniqueness. In a 
report highly pertinent to our discussion of species diversity, 
Cohen ( 1 968) points out tint two models, his own ( 1 966) 
and MacArthur's (1957), lead to axaedy the same numerical 
piedictions; he then proceeds to nrtUfie a third model also 
leading to the same numerical predictiona. As Cohen points 
out, the moral is that the justification of the model simply 
by its accountiqg for available data cannot be an acceptable 
conclusion; "It is necessary to ask what other explanations 
are available, to determine how these other explanations 
differ in their observable implications, and to search for data 
which could discriminate among the explanations." 

This caveat applies equally well to examination of the 
various relations that make up a model: In an attempt to 
construct a stochastic model of nickel distribution in the 
Atlantic Ocean, Sjjcncer (1968) found that obser%'ed verti- 
cal profiles of nickel in the South Atlantic could be pre- 
dicted by his model fxily by an approximate doubling of 
the transfer efficiency assigned to organisms of the southern 
ocean. The trenchancy of this observation is reduced, how- 
ever, by the observation that much the same effect on the 
vertical protlle would be produced, after examination of the 
flux of nickel at the water-rock interfaces on the sea floor, 
by using a diffemtt vdtie ind sign for the transfer of niclBd 
between water column and bottom. Sfaice writbig tfiis. we 



have seen the suggestion by Bostr6mef a/.(l9li9)that 
nickel is locally supplied at the sea floor. 

Another and more dangerous aspect of model-making is 
psychological: that the elegance of a model will so over- 
whelm its aeator as to induce him to assume that any data 
from the real world not encompassed by his model's predic- 
tions must necessarily be spurious. Few examples of this can 
be cited without introduction of invidious overtones; one 
reasonably neutral examine is that of the practice, routine 
among hydrographers until recently, of dravriog smooth 
curves through vertical profiles of temperature or salinity 
and of discarding as bad data any points lying well off the 
smooth curves, on tlie not unreasonable assumption that 
sharp discontinuities of density-determining properties of 
seawater would not occur. In fact, however, the introduction 
of devices capable of measuring salinity or temperature as 
continuous functions of depth has revealed many cases of 
just such ^rp discontinuities- many persisting for consid- 
erable periods (Wooster and Jones, 1 966)-aiid it is now 
clear that many of the "bad points" of former years were 
good points. Too slavish adherence to the "smooth-curve" 
hydrographic model delayed for some years its testing and 
the discoveiy that it is a model only partly applicable to the 
real ocean. 

Numerous comparable CaseS coidd be Cited, pointing up 
how dangerous a bond isemited between a model and its 
progenitor. In ftct, as faidlcated above, a model exists oidy 
for the purpose of being changed, and only in this process 
are models fully used to clarify our understanding of ruture. 



MARINE ECOSYSTEMS 

Three major classes of marine ecosystems are clearly recog- 
m'zable: pelagic, benthic, and near-shore. Although each is 
so complex as in he Mibject to almost inflnile subclassifica* 
tion, each major class has properties that lead to distinctnre 
responses to introduced radioactivity as well as to more 
basic ecological factors. Some of these properties are sum- 
marized in Table 1. 

The major dlvisksns of the marine environment, pelagic 
and benthic, have subdivisions that are largely a function of 
water depth. Ligiit intensity decreases rapidly with depth so 
that most photosynthetic plants are found hi near^rfaoe 
waters in the photic zone. Below the level of light penetra- 
tion, roughly 50 to 200 m, photosynthesis is not possible. 
Animals of the aphotic zone must rdy on food derived, 
either directly or indirectly, from primary production in the 
overlyiitg photic zone. 

Pelagic animals, both nekton and ptankton, are associated 
with the water, maintaining buoyancy by flotation meclia- 
nismt or by swimming. Benthic animals arc associated with 
the ocetB bottooL The benthic and pelagic regions merge at 
the edge of the sea, forming the near-shore environments 
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TABLE 1 Properties of Classes of Marine Ecosystems Relevant to Their Responses to Introduced Radioactivity 



Properly 


Pelagic: 
Open Ocean 


Bcnthic: 
Open Ocean 


Ncar-Shorc 
Benthic and PeljgK 


Adiorptive stufaccs 


— 

Lar^ly biological 


Bottom and renupended 


. 

Bottom, reiutpended sediment, 
and lanlgnious detritus 


PhyriMdmninlinUUty 
ItoduclMty 


Quile sUble 

Only in mphotic-mm ptanklon 


VnyiuUe 
Nona 


liixiiimmvuiaMlily 

Eupliotic nMiB pUnklon and 
attached to bottom- 
generally high 


Primary nutrients supply 


Largely by water mixiqg 


Not imparlut 


Largely from land and bottom 


Size range of primaiy 
pfoductn 


Moitly microscopic 




Small to very large 


SiM nnfi of hwhivonf 


Mostly irmO 




ModaniotoluBa 


Food chain Icn^h range 


Mostiv lonp 


Moderate 


Short 


Population mobility 


Maximum plankton Iqr 
cuxTBAttp ndtton by 

swimming 


Very low- most by larval 
traval 


loth high and low 


Accessibility to man, both 
•xpMtetloa iml tffoels 


Intermediate to minimal 


Minimal 


Maximal 



tint combine with properties of the other two r^gims a 
number of new properties related to proximity to the land 
surface. 

In addition to the implications or these properties for 
the reactions of the various ecosystems to introduced radio* 
activity, the availabiUty of radioactivity to them may be 
expected-and has been demonstrated -to be different. 

Availability is dependent upon two factors: the foci of in- 
troduction of radioactivity and (he physicochemical envi- 
ronment into which it is introduced. It is possible that the 
physical and chemical characteristics of radionuclides intro- 
duced near shore are systematically different from those 
introduced to the pelagic or to the benthic environments. 

With the exception of worldwide fallout, radioactive by- 
products of man's activities have generally been introduced 
near shore and will probably continue to be; this has obvious 
econ li ne bases. Even fallout nuclides not strongly fixed by 
the land surface- as Slowey et al. (l*)f)5 ) have suggested for 
antimony-125- must be significantly emiched in neai-shore 
waters by land runoff. With the exception ot tragic accidents 
like those of the nuclear submarines Thresher and Scorpion, 
the open-ocean benthic environments receive radionuclides 
only as result of geochemical, biological, or hydrodynamic 
transport tluough the other environments. Direct waste* 
disposal to the deep ocean has thus far involved trivial 
amountaof ndioiictmty, although the scale of such disposal 
may increase as near-shore marine areas (such as the North 
Sea), or land areas, become no longer able to accept the in- 
creasing volumes of waste produced. In terms of exposure to 
introductions of artificial radioactivity, then, the rank order 
of the three environment classes is as follows: near-shore. 



most frequent and severe; pelagic, next ; and benthic, least 
frequent and least severe. 

Both benthic and near-shore environments differ from 
the pelagic in respect to the amounts and kinds of avaUable 
surfaces. In the benthic and near-shore environments the 
lediment-water interface plays a major role, and resus- 
pended bottom materials in both, supplemented by run-off 
terrigenous materials in the second, ensure that In terms of 
surfaces of absorption the biota have considerable competi- 
tion. This is not so in the open-ocean pelagic environment, 
where, in the Uluminated zone, most available surfaces must 
be biological; at greater depths, the competition must be 
largely between organisms and biogenous detritus, which is, 
in turn, food for the oigpnisms. Menzel ( 1 967) has described 
unexpectedly uniform concentrations (in place and in time) 
of organic detritus particles in the deep ocean; this has not 
been confirmed, however, by work of Hobson (1967) or of 
Others. Both Menzel and Hobson tend to conclude that sink- 
ing of organic detritus particles is abnost negligibly slow, 
leading to the oandmiOQ that their removal by biological 
processes must be more significant than removal by sinlung. 
This suggests that recycling of organic material is of major 
importance in the pelagic environment; in other contexts 
this has been suggested by Ketchumand Bowen (19S8)and 
by Bowen and Suglhara ( 1 965). For surface-acltve radionu- 
clide waste or debris, then, the fraction immediately associ- 
ated with the biota may be expected to be higliest in the 
pelagic, lower in the benthic, and lowest in the near-shore 
environments; clearly, however, the feeding habits of the 
biota quickly modify the effect of this immediate distribu- 
tion, and the detritus feeders and "surfMe scrapers" preva- 
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lent in the near-shore and bcnthic environments may wholly 
reverse this order of exposure. That this is an important set 
of variables in considering effects of radionuclide inUoduo> 
tions is emphasi/ed especially by the studies of MaucMiiie 
and others (Mauchline, 1963) ar»d of Chcsselet and co- 
workers (Chesse)ei and Lalou. 1964a, b; 1965a, b) concent' 
ing the association of fallout or of radionuclide waste with 
niunin' \',ispons<_)ids. 

Ikyund the differences in basic exposure outlined above, 
one can discern a variety of differences in detail among the 
various ecosystem classes that will further distinguish their 
treatment of. and responses to, introduced radioacthrity. 
These differences are discussed in the next three sections. 



The Pelagic Environment 

Nektonic animals such as tuna and whales make long migra- 
tions through different water masses. Since they are strong 
swimmers, their travels are not dependent on current sys- 
tems, and they may encounter different levels of radioac- 
tivity in the water, dependnig on fallout patterns or on local 
sources. Tliiis. they act as averagers, and the levels of radio- 
activity they contain depend somewhat on their individual 
histories. It is known that tuna, salmon, and whales, for ex- 
ample, accumulate ^^Zn in passing through waters off the 
Oregon-Washington coast. A part of the *'Zn, introduced 
into the Northeast Pacific by tlic ( olufubia River, will be 
carried in tiie animals, at least for a time, as they travel into 
less radioactive parts of the ocean. Local sources of radio- 
acthrity offer some promise as ugs to use in determming 
migratory patterns of pelagic animals (Osterberg, 1964; 
Forster. 1968: Kiqala era/., 1969; Jennings, 1968). 

Because strength and si/e arc needed to swim against or 
through ocean currents, nekton generally tuve a high ratio 
of mass to surface area and are therefore relatively ineffi- 
cient at taking up radionuclides directly t'rom the water. 
Data are not available for evaluation of the importance to 
nekton of radionuclide uptake through the gill-surfaces or 
by drinking. .As discussed below (see page 21 5). Polikarpov's 
( 1 966) lines of argument lead one to conclude that for pred- 
ators or grazers, a more important source of radioactivity is 
the MTi.illct organisms in their diet. 

Plankton, on the other hand, are generally regarded as 
**drifters"-a part of the water mats in which they reside. 
They may travel long distances by passively moving with a 
rapid current, or, where water motion is weak, their travels 
may be quite limited. Certain macroplankton, such as eu- 
phausiids, aic u di cd, fairly capable swimmers, migrating 
vertically into suilacc waters at night and into deeper waters 
during dayliglit. Thus, tlie euphausiids may drift in cme di- 
rection at night and in a difleienl direction during the day. 

Larger plankton. e.g., euphausiids and saips, effectively 
filter large volumes of water while feeding. Because of theii 



small size, it seems unlikely that fallout particles would be 
filterable; nevertlieless, salps and euphausiids both responded 
quickly to increased amounts of ^^Zr-'''Nb after the 1961- 
1962 atmospheric nuclear tests (Osterberg. 1 962; Osterberg 
et al., i963b). Bther the particles of ''^ Z,-"^ Nb were ad* 
sorbed on mucous, were directly filtered, or became at- 
tached to phytoplankton and smaller zooplankton that were 
eiten. The hist seems most probable, although mucous ad- 
sorption is also 1 ponfliility. 

Since plankton tend to move with the surliice waters and 
equilibrate with thcin. they i. an often be used as biological 
monitors of the radioactivity in their environments. Smaller 
plankton are particularly quick to equilibrate. Foster and 
Davis ( 1955) reported that plankton algae in the Cohtmbla 
River attained maximum radioactivity wittiin little more 
than an hour. Probably, as hinted by some of Lowman's 
data (I960), marine phytoplankton respond equally rapidly, 
providing an input of radioactivity from ttie photic zone 
directly into the herbivores. 

In general, among organisms inhabiting surface waters 
exposed to fallout, the smaller ones are tiie fust to reach 
maximum radioactivity. A time lag occurs before the max!- 
mum level if fjdioaetivity is reached by larger organisms 
farther up tlie food cliain. Animals from deeper waters take 
even longer (Seymour and Lewis, 19(>4). For the majority of 
midwater pelagic an imab. however, the dcljy in reaching 
maximum radioactivity may not be large, because of vertical 
migrations of the organisms or of their food; unfortunately, 
few data heaiiiij; on this point are available. 

The data of Osterberg e/ a/. (1963a) imply that transport 
of some fallout radionuclides to the bottom is rapid. In Ap- 
ril 1963, they lound '"Zr-'''^Nb in sea cucumbers (flie/o- 
petides) from a depth of 2,800 m. Because of the small size 
of fallout particles, their settling rates would be too slow to 
account for the radioactivity of the sea cucumbers at this 
great depth. The authors tlierefbre attributed the increased 
sinking rales to the processhig of fallout radionuciidai faito 
fecal pellets by zooplankton, thereby faicreasing the partide 
size and the sinking rate. 

Pearcy and Osterberg (1967) reported that micronekton 
and macroplankton from middle depths (to 500 m) show 
the same seasonal cycle of ^^Zn as those from surface wa- 
ters: this cycle is related to the seasonal change in position 
(ifilie roluinbia Rivei pliiini'. Since no .ippuTciit lut occurs 
with depth, they believe that vertical transport of ^^Zn is 
quite rapid. However, only a portion of the **Zn readies 
deep water. 



Near-Stiore Environment 

Tire near-shore environment is considerably different from 
that of the open ocean. Near-shore areas are generally more 
productive. In shallow seas over the continental shelf, a hfige 
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fraction of the water column receives tufficieat light to sup- 
port photosynthesis. Nutrients tt* abundant, being confined 
to the system by the proximity of the bottom. The bottom 
itself is especially rich in biota, nourished by the photic MM 
just above it. 

Radioactivity introduced into this environment will be 
found later in the water, sediment, and biota. The relativa 
abundance of the radionucUde in each compartment de> 
pends both on the properties of the sediment and the biota 
and on the specific radionuclide chemistry. Data presented 
by Seymour and Lewis ( 1 964) and by Osterberg et al. 
(1963a) show that for demersal fish and some bentliic in- 
wertebiates from near-shore locations, the content of soma 
radionuclides wis smaller the greater the depth at which the 
organism was caught; this effect may be stronger for ^^Zn 
in Columbia River outflow than for several of the abundant 
nuclides in worldwide fallout It was noted by Seymom and 
Lewis, however, that the Geik data could be interpreted at 
showing diffcmctt fat pbytkilQiy at diffaiwt pmmw 
father duD io ladloQucUda avtlabOlty. fiven to the uauiu- 
aUy twaU surveyed areas of the Cohunbia River outflow, we 
mta^, if Mer* have «noii|h data to allow full evaiuatioo of 
all the complexities of eco^stem responses. 

The behavior of radionuclides is especiaOy complex in 
aeai'Shote eavitonmenu for a number of reasons. The afSn- 
ity of the iedbnent for the tadionoellde depends to a leige 
extent on the particle size of the sediment, the amount of 
organic material present, and the d^ee of mixing (see 
Chapter 6). Biological concentration facton of radioisotopes 
are influenced by the concentrations of their stable counter- 
parts, and these levels, too, can be highly variable in waters 
affected by adjacent land masses. In short, the near-shore 
area is subject to mioiy envnoninental veiiibles. 



Benthic Environment 

The benthic community in deep waters is only slightly hm 
complex. Many animals live on or slightly below the 
sediment-water interface. A radionuclide introduced into 
this environment would be subject to sorption on sediment 
surfaces or to biological uptake. Chesselet and Lalou (19648, 
b; 196Sa, b) showed that, at least for some elements, the 
sediments quickly bmd most of the radioisotopes. Benthic 
otpaima that infsst setyment pertides may or may not re- 
move the radionuclides from the smfiments, depending in 
part on the pH of their digestive systems. It seems clear that 
unless plants and animals associated with the sediment-^ 
water interface can remove radioactive trace elements from 
sediment particles, most of the radionuclides introduced 
into the ocean will eventually end up in ttie sediments. Sev- 
eral aspects of nonbiological processes residting in element- 
and by inference, radionuclide recycling from bottom sedi- 
ments to water column are discussed in Chapter 6; titat there 



are purely biological vectors cannot be doubted, but we 
know little of them. Both predation by deep-water nekton 
on benthic organisms and redisttibuti<Mi as floating eggs or 
planktonic larvae of benthic organisms mi{ht well prove to 
be significant processes. 



ORGANISM INTERRELATIONSHIPS 
IN MARINE ECOSYSTEMS 

The marine environment is a continuum in a sense notap> 
proachcd by cither the land or fresh waters. In addition to 
the significantly freer movement available to tadividuals or 
species that float or swim, the environment ensures that, 
subject only to their physicochemical stability, ttie exome* 
tabolites of all marine organisms are available to all the 
others. It is therefore not surprising that, as Connell and 
Orias (1 964) concluded, interaction with other species 
should appear to be an extremely important factor in the 
determination of marine ecological niches. Below, we dis- 
cuss the possibility that this excessive doseness of spedestai 
marine ecosystems may mndar such systems mrasuaDy aensl- 
tive to radiation; it seems worthwhile also to consider 
wtiether these may be aspects of tlie mechanisms of species 
hiteraction that efRict the ndletton exposure of the iadi- 
vidual organisms. The interaction mechanisms that appear 
relevant in tiiis connection may be classified as follows: 

1. Species interactions not mediated by food 

a. Interactions mediated by exometabolites 

i. Exometabolites as ettiaetants, repellents, or antl* 

biotics 

ii. Exometabolites as comptex-formen, competing 
for inorganic nutllents 

b. Interactions not mediated by exometabolites 

i. Indirect stimulation of growth of other spedes, 
by faierease in rate of regeoentioa of nutrients 

ii. Indhect effect on the growth of other spedes» by 
altering the physical enviraoment 

2. Species interactloos along food chains 



int«ractio«s Not Meiiiateii by Food 

Among those intenctions not meiOated by food, the actions 
of exometabolites of marine organisms as atttactants, repcl- 
lenis, or antibiotics, while of considerable general btterest, 
appear to be essentially neutral ^th respect to the radlonu- 
clide metabolism of organisms. Only specific attractants that 
are either ingested or adsorbed and are diaraeterized by ra- 
iBonudide oonsHtvenis could beoome slgnifiont contrNw- 
tors to the radiation exposure of the attracted organisms. No 
such examples have been described. 
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The reaction of exometabolites as complex-fomieR is, 

however, clearly of importance in controlling the balance of 
distribution of adsorbable radioelements between neutral 
surfaces and organisnis. Even excreted orthophosphate may 
he expected to significantly resolubilize ianthaniile!, ;itta:hed 
to sediment surfaces, and such Urge molecules as the phos- 
phate compoiBids released by marine phnkton algae (Bowen 
and Campbell, unpublished experiments) or the amino acids 
known from zooplankters (reviewed by Stephens, 1968) 
could be expected to be more efTecthre. Sudi tightly Unked 
species associations as wc infer for marine ecosystems can be 
expected, then, to be unusually efficient in recycling ad- 
sorbed elements, whether pbysioilogjGalov not, and oome* 
qucntly tu be more subject to fsdlition expoiufe fiom 
introduced nuchdes. 

A third aspect of species interlinkage in the oceans is Hhe 

provision it gives for recycling of specific plant-nutrient ele- 
ments. The evolutionary value, to an ecosystem, of linkage 
of dib sort is obvious, but such recycling cannot be Ibnited 
onh t'^ n'.iiricnts in demand. It was suggested by Ketchum 
and Buwcn (1958) thai in some situations and in some en- 
vironments the same rdationsUpa responsible for nutrient 
recycling should result in long-term retention of nonphysio- 
logical elements, or radionuclides, in the euphotic zone. 
Bo«*en and Sugihara (I96S) described a situation in which 
this mechanism appeared to have operated for fallout '^*Ce. 
Again, the very aspect of the close-linked system that g^ve it 
evolutionaiy advantage may sometimes act to biereaae its 

exposure to radialmn 

Especially in near-shore areas, but also in other marine 
environments, an important aspect of species interUnkage is 
clearly the physical effect of ore species in making the envi- 
ronment more suitable for another, whether in producing 
shade, in precondltioning-or providing-a settling surftce, 
or in mechanically damping out the force of water move- 
ments, it is not evident, however, that the special nature of 
any of these interactions should bicrease the radiation sensi- 
tivity of the ecosystems in which they operate. 

It appears then, thai of the various ways in which marine 
species are espedaBy closely linked, other than as food, 
some may, by viriiie of their special properties, increase the 
potential tor radiation exposure of the ecosystem, while 
Others appear to be esaentiaQy neittraL We have not dis- 
cert ' 1 my that appear to hive contributed to dacnaied 
raUiatiun exposures. 



Interactions Mediated by Food or Feeding 

"Perfaqjs the most challenging and complex problem in the 
ocean is the question of how organic matter is formed and 
how it moves through the food web of marine organisms."* 

'National Acsdemy of Sciencet-Natioml Rejcarch Council (1967, 
Ik 52). 



Ecologists have found it useful fai attempting to define regu* 

laiities in this problem to erect a variety of hierarchies based 
on feeding relationsliips-food cliains, food webs, or feedii^ 
cydes. In most of these hlerarcMes, the concept of tropMe 
level appears, as an indication of how far removed a "species 
is from direct feeding on the primary producers- photosyn- 
thesizbig plants. Usually, trophie level I refers to the photo- 
synthesizing plants, level II to the grazers or herbivores, 
level lU to predators on herbivores, level IV to predators on 
level III predators, and so on. There b general recognition of 
the factors that Mur the di?linctions between trophic levels— 
i.e., that few species have simple feeding habits, that for 
many species the food emphasis shifts during the Hfe cycle, 
and that for others it may shift even sej5(>nallv The concept 
is still useful and lias suggested a variety of theoretical and 
model studies of lutural populatioas, even though in such 
practice, fractional trophic levels often are required (tuna, 
for instance, are best viewed as occupying trophic level 1I1V&, 
according to ScihaefSsr, personal communication). 

An interesting aspect of the marine, as opposed to terres- 
trial, food chains is the generally small range of sizes of Iter- 
blvores; in the open ocean, tMs appean to be a clear conse- 
quence of the generally tiny size of the primary producers, 
but even in the kelp forests, no iierbivores of sizes compa- 
rable to the large terrestrial mammals have appeared. It is 
likely that t!i:<:. <)7c factor chieHy responsible for the 
longer food chains ot the oceans. The continuity of the 
physical cnvinmment, however, has another important con- 

scquencc: Other than the efficiency factor, there is no bar 
to shwt-circuiting of their food chains by higher trophic 
leweb. A salp or eupihauaiid is as aocetdble to a tuna as is a 
herring— quite unlike otherwise comparable situations on 
land. And, because of the sin differences and consequent 
hicrease of the sarfac8-t»volume ratio, such short-drcutting 
may always be assumed to lead to an increase in exposure of 
the higher level to adsorbable radioactivity in the environ- 
ment. 

Another possibly important result of this combination of 
environmental continuity and prevalent small size of prey 
has been the repeated evolution, by marine organbms, of 

feeding by means of mucous threads or sheets. It is assumed 
that these are "intended" principally as traps for small or- 
ganisms and nutrithw detritus partidea. We do not know 
whether there has been positive selection for mucous having 
strong ion-exchange properties and consequent good efTi- 
dency at trapping diasolved OTgMdc Rwleculea. or srfMdwv 

this property has developed only as a by-product in the evo- 
lution ot suitable mechanical properties of the mucous. It is 
clear, however, that many muoopoiysacdiarides, especially 
those with strong sulfuric acid residues, have powerful ion- 
exchange properties. Goldberg (19S7) emphasized this phe- 
nomenon in both seleettva and nonselective bknceunnilation 
of clcrr^ent^ from scawater. Since mucous fccdins; ii usually 
mediated by actual ingestion of the mucous and its digestion 
doog with the load of trapped food [often ona legular and 
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rapid cycle (Pfosser and Brown, 1961 , p 107)] , thi<; habit 
must greatly increase an organism's exposure to radionu- 
clides in his environment, even those that aie wholly non- 
physiological and lepreiented by na^i80>le eonoootntlon 

factors. 

The genenlizatlon has been mede that only about 1 0 ]M^ 
cent transfer efficiency per food-chain step is typical for 
many elements, as it seems to be for energy (Slobodkin, 
1968; Seheeiisr, 1968). When they an itudicd with radio> 

nuclide tracers, many elements have appeared subject to 
disunmmation, or a reduction in mass concentration ttuough 
each step in a trophic scries (sec Baptist and Lewis, 1969, 
for data and a review ) Odum (Odum and Golley, 1963), in 
fact, was so impressed by the parallelism m this respect be- 
tween transmittal (rf lome elenients and energy along food 
chains that he proposed the use of radionuclides of zinc or 
phosphorus as "indices of energy flow ' m ecosystems. It has 
been frequently concluded that nun, in drawing little food 
from marine primary producers, only moderate amounts 
from marine gra/ers, and most from predators at fairly high 
trO]riiic levdl, places an effective barrier between himself 
and r;uJit>;)cfivc nuclides intrndisced to the oceans (National 
Academy ot Sciences-National Research Council, 1962, 
]». 52). Examination of the large amount of data now avail- 
able shows clearly that the situation is by no means so 
simple; this is, in fact, an example of the "unrealistic safety 
factors" referred to by Revelle (1959). 

Ttie use of stable-element "concentration factors" 
derived from chemical analysis of both the medium and tlie 
ofganinm-has been frequently |Kopoaed and used to pre> 
diet both the places of tTiajor entry of introduced radionu- 
clides into food webs and the concentrations to be expected 
in the various onanisms invohed. The use of such data is 
basic to the "specific activity approach" (National Academy 
of Sciences-National Research Coimcil, 1962). but they 
have proved useful in other contexts as weO. Some of tfie 

reservations to be applied to their use. however, are serious, 
as has already been discussed m the consideration oi the 
uses of concentratton facton (Chapter I ). 

Briefly, we may note here two of the most salient reser- 
vations; they stem ttom our uncertamty ut the time con- 
itants of dement uptalce or excretion and also from our 
uncertainty of the physical and chemical environment in 

whicli uptake occurs: 

Time Constants of Uptake or Excretion Strictly speaking, 
one can expect the stable-element and radionuclide concen- 
tration factors to be the same only when the spedfic activity 
of the radionuclide in the medium has remained about con- 
stant over several biological half-lives of the nuclide in the 
organism. This implies unifonn labeling over time as vwll as 
space. It is, however, very unusual for us to know the bio- 
logical half-life of an element in any marine organism; as 
Kuenzler (1 969a, b) has diown, such measurements as can 
be made are in most eases of questionable general]^. The 



ideal situation must, of course, be approached js the life 
cycles of the organisms considered are shorter, and the least 
favorable situation must be approached in those large organ- 
isms that immobi!i/c much of a given element metabolite, 
whether in massive skeletons, in stored reserves, or in stored 
excreta. Conversely, predictability must be favored in situ- 
ations where a nearly uniform Hux of radionuclide is main- 
tamed over long periods, in a relatively restricted environ- 
ment, as in the Columbia River outflow under coottant 
operating levels at Uanfofd. 

The Phyiicochemical Stale of Radionuclides and Stable 
Element in the Environment Even in the open ocean, we 
have inadequate data on the physicochemical states of ele- 
ments or of their nuclides and on the rates of equilibration 
among these (see Chapter 5). As discussed by Jones (I960X 
among others, this ignorance has made radioruthenium re- 
lease behavior essentially unpredictable. Bernhard and 
Zattera (1969) have presented data illustrating uncertainty 
of the fractions of seawater zinc available as carrier for intro- 
duced ^^Zn; data on ^*Fe in Paciflc salmon may be used to 
raise the same sorts of question (Jennings, 1968). With re- 
spect to benthic organisms, especially those that feed largely 
within the sediment, there seems to us to be complete un- 
oartainty about what might be taken as the ''environmentaT* 
concentration of any trace elements; this is a severe bar to 
using such data as those of Phelps et al. (1969) in a predic- 
tive way. 

Unfortunately, however, the literature dealine with the 
uptake of radionuchdes released to environments appears 
just as diflicidt to use for prediction. Either the physico- 
chemical constants of the local environment are too little 
known to support extrapolation of data to new situations or 
the local time^onstants for exposure levels are comparably 
little known, or holh This situation is well illustrated in a 
massive study (Seymour and Lewis, 1964) of the Columbia 
River effluent contaminations of marine organisms, sedi- 
ment, and water from 1961 througli 1963. In spite of the 
enormous amount of data collected, often on the same spe- 
dee fhnn several diflerent locations, very little generaliza- 
tion was possible, largely, one feels, because of uncertainty 
about precise exposure times or levels and because of local 
variation in stable nuclide diluents. Jennings (1968) points 
out data (his and those of Kujala et al., 1969) that indicate 
that "available" levels of several elements (notably Mn, Zn, 
and Fe) are higher inshore than offshofe, and may be sub- 
ject to local variation as well. 

In view of this, we feel the best approach :o prediction 
of radionudide behavior in ecosystems is still by use of 
stable-element analytical data, suitably qualified by exami- 
nation of such tracer studies as seem applicable. Accordin^y, 
we have summaiimd a considerable number ctf analyses of 
maiine ocgsnlnn, mostly of the open oeean;qiedeshave 
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been chcoen about which some trophic>level ooncluaioiis 
could be drawn. 

In Table 2 are set out, from the literature or from data of 
Bowen ttal. (to be published), the ranges of conoentration 
factors, for i nnety of dements, observed in a variety of 
primary producef* and paxers as well as predators at various 
trophic levdi in the marine environment. These data by no 
means represent a complete summary of all available data, 
but tliey appear to be reasonably consistent as a body and 
to ilhistrate the complexity of biological conoentration pro- 
cesses. It must be noted, however, that no data arc now 
available to show the extent of seasonal variability of ele- 
ment compoeitioa ht most marine groups. For several bnahe 
graiccrs. such variabiliiy is known to be appieciable (Hobden, 
1967; Sliiniizu, 1 967 ), as it is for many atUcbed algae 
(Blade and Mitchell, 19S2); variation in some organic com- 
ponents of Calanus (Comita ei ai. 1966) shows that it is 
likely (hat plankton species also exhibit seasonal variations 
of inorganic composition. This is cleaily an important area 
in which more research would be of great value. In Figure 1 
we have sunmiarized the data of Table 2 for easier visuali- 
zation. 

A direct reduction of about an order of magnitude in 
concentration factor at each higher tiopiiic level is indeed 
seen in tracer studies of cerium, rathenhim, and ziroonium, 
as Baptist and Lewis (1969) reported for *'Zn, Oslerbcrg 
et al. (1964) reported even greater decreases from grazers to 
predators hi respect to **Zr-'^Nb and '^'Ce, but this may 
have represented 1.5 to 2 trophic-level steps. Of the stable 
elements, however, oidy iodine exiiibits a systematic de- 
crease in concentration factor at each higher trophic level; 
the other stable trace elements exhibit great variation in be- 
havior. An arbitrary, but we tiiinlc useful, indicator of radio- 
nuclide behavior in ecosystems is the occurrence of concen- 
tration liiclor!, a>, higli as lO" in the range exhibited by tlie 
groups tabulated. Applying this criterion, the grazers clearly 
show the greatest prevalence of high concentration factors: 
10* appears ir the ranco i f six elcnjcnts in the planktonic 
and of seven in the benihic grazers, whereas it appears for 
only three elements in the benthic and fotir in the plank- 
tonic algae, and for Rve, three, and three elements in the 
tiuee groups of predators tabulated. As noted above, we do 
not know prediely how data on benthic piedaton might be 
compared to these values. We believe that examination in 
detail of the data summarized in Table 2 and in other sum- 
maries pertbient to this tfuestion diows that this is a real 
property of aquatic trophic networks and that nf tlu se ele- 
ments that are ever strongly concentrated by organisms, the 
chances are that the hi^wst concentration facton and the 
most frequent occurrence of high concentration will he 
among grazing organisms. Cs, Mo, Ce, or Ru, never strongly 
concentrated by organisms, are clear «cceptions, but Sr. 
strongly concentrated only in the skeletons of Acmthaiia, 
ftib witiiin this generalization. 



It hardly seems necessary to emphasize that in any pei^ 

(icular situation, such a probabilistic statement may be ex- 
pected not to hold. The number of exceptions, already 
noted, shows clearly that there Is no substitute for the evalti- 
ation in detail of each exploited food web known to have 
been contaminated (as advocated in Chapter 10); however, 
sfaice man is oontbiually faced with the problems of making 
predictions in the absence of such evaluations, we feel that 
such a summary of the statistics available provides a useful 
guide. 



THE POSSIBLE RADIOSENSITIVITY 
OF MARINE ECOSYSTEMS 

In earlier discussions (National Academy of Sciences- 
National Research Council, 1957, p. 32). it was emphasized 
that planktonic or pelagic marine organisnia are exposed to 
levels of background radiation lower than those experienced 
by any other populations except those in freshwater hkes 
IWhig at depths below 100 m but not near the bottom. That 
report, however, considered exposure only to cosmic rays 
or to beta or gamma radiation from *°K. More recently, 
Polikarpov (1966), Cherry (1964), Yermolayeva-Makovdcaya 
el al. (1968), and Beasley (1969) have presented evidence 
that alpha-particle doses from ^^'>Ra or "*'Po contained in 
marine organisms may be very high and that the low back- 
ground levels in the marine environments, cited by the Na- 
tional Academy of Sciences-National Research Council 
(1957) may be gross underestimates. That these high alpha 
exposures apply generally to marine organisms is not yet 
well established, wtiile the low cosmic ray and ^''K back- 
grounds rest on much data. 

We are also inclined to believe that the world ocean rep- 
resents the oldest environment continuously available to 
llvfaig organisms. It must be possible, then, that in their long 
history of evolution, possibly under exceptionally low radi- 
ation levels, the organisms of the oceans luve selected 
against those genes responsible for radiation resistance, and 
may consequently he consistently more radiation sensitive 
than are ttie better luiown species of the land. This is 
Polikarpov*s view (1966). The very smaO amount of direct 
evidence bearing on this question is considered in Chapter 9 
of this report. As ecologisis especially conscious of the di- 
versity of species of marine organisms and of the very small 
rurmbc: ili.it have thus far been maintained in culture 
(MuUin and Brooiu, l967;Conover, 1968^ we must caution 
egynst overly bioad ganenlization from cumntfy awailable 
data coooeroing the ladkneiiitance of marine ocg^dami.* 

*ln fact, AngeloviL .im', i njwl ( 1970) hiive recently Mimmanzed data 
showing that such common maiinc organisms as ihc grais shrimp 
(falaemoneM pugiol and the mummicho( U-'undului heurocUtut) 
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Such data have derived only from the "toughest" species, 
since only these are maintainable for expenment. Although 
it b by no means dear that any correspondenoe exiaUlM> 
tween sensitivity to radiation and to laboralorv' manipula- 
tion, caution is indicated. Furthermore, many lunUamcniai 
iiMilne ipedes-ecologicaly tpMkkig-imdergo periodic 
population minima in response, presumably, to a seasonally 
inimical environment. They consequently also undergo peri- 
odic "population explosions" as the environment becomes 
more favorable. We do not know of any studies of the radio- 
sensitivity of marine organisms under an ecologically mean- 
ingful iingB of oonditiona. both of environment and of 
growth rate. 

We must also consider whether the ecosystems of the 
open ocean may be themselves intrindcalfy mom leniitive 

to increases of incident radiation. 

Radiation effects may be expressed in two ways: (a) di- 
leetly, by the irradiated orpnism, in a series grading from 
prompt lethality to reduced vigor, shortened life-span, and 
diminished reproductive rate; and (b) genetically, by the 
tiansminon to offspring of ladiation-altered genes. Such 
altered genes arc most commonly recessive and most com- 
monly disadvantageous to their carriers. It has been shown 
for Drosophila, however (Wallace and Ku i', ! 95 1 ; WaDaoe, 
1956, 19*^^: Bu//Liti Traverso, 1960), that heterosis pro- 
duced by accumulated radiation-produced mutations leads 
to signiflcantty increased individual viability, even up to lev- 
els of accumulated mutations that result in a considerable 
frequency of genetic death. Rugh and Wolff (1958) have re- 
ported that radiation-induced mutations in mice may pro- 
duce increased resistance to radiation, again by heterosis. 
Comparable studies of several groups of micioorganisnr» 
were noted by Buzzati-Traverso (1960), «^o emphasized 
that complex populations living competitively under radi- 
ation fields have not shown selection in favor of radioresis- 
tance genes. 

Styron (1969) recently studied two isolated populations 
of an aquatic isopod, one in an area of high natural gamma- 
ray background from extensive exposure of granite (Folaom 
and iiarley, 1957); the population evolving under high n(ii- 
atioo backgrounds ("several times the average for aquatic 
eoosystems") proved to have a 7.9 times greater toleianoe to 



have loni^erm ld ^g's for '"Co inadiBliaa of 21S and 300 ndi; w 

spectivcly-valuc!! quite like IhoK exhibited by man. Examinatioa of 
this question, ihcy t'ound, was further compbcated, in the cases of 
Fundului and ul \rir!r,:a uUtu, by a strong inverse corieUtion b» 
twccn cnviioiunental salinity and ladiation tolerance. See alto 
An|iio«ic«raf.aM9}. 



of these ecosystems leads to the expectation that new 
sources ot increase in the available gene pool should have 
beneficial effects for at least some species. 

Recent studies by Wallace (1966) and by Hoenigsbcrg 
(1968) emphasize the importance in this ccmnection of the 
effective size of the gene pool. Hoenigsbcrg hai shown tlllt, 
in Drosophila species under vvild conditions, gene pools may 
extend only over physical distances of 100 m or so and be 
represented by comparably small numbers of organisms. 
This clearly has very important implications tor the fre- 
quency of elimination, by homozygosis, oi recessive lethal 
mutations. We have emphasized the mobiUty of all pdagie 
populations and of a large fraction of the near-shore popu- 
lations as well. Studies by Scheltema (1966. 1967, 1968) 
have duMm ttnt IIm (fiipeiial of planktonie laivie of many 
bcnthic species is an important source of recruitment of 
populations severely localized as adults and is also respon- 
dble for continual interchange of genetic material among 
separated local populations. The gene pools of marine 
species may, then, be expected tu be characterised by large 
aize,in tennsof both physical extent and number of orga- 
nisms, and consequently by a slow rate of elimination of 
lethal genes. Such a situation would appear to optimize the 
beneficial effects of radiation-increased heterosis. 

There are two possible exceptions to this generahzation: 
(a) those benthic organisms, both open-ocean and near- 
shore, that do not produoe planlctonic larvae and may be ex- 
pected to move only over very small distances; and (b) thoae 
planktonic species that undergo great seasonal fluctuations 
in abundance, with a consequent great reduction in genetic 
variabiUty at each population minimum. Although this class 
of plankton appears to include a very large number of the 
most important pelagic primary produceis (Huiburt, 1966; 
Menzel and Ryther, I960), we do not appear to have enough 
information to estimate the minimum population at any sea- 
ion or to judge to what degree physica] mfaiing processes 
may be able to produce new genetic intermixing during the 
periods ot rapid population increase. This would appear to 
be an important and fertile Held for future study, lioth the- 
oretical and observational; its importance for our under- 
standing of the radiorcsistance of oceanic ecosystems is 
clearly laige. 

We know of no data concerning the radiosensitivity of 
marine ecosystems as compared to that of the iniiividuals 
Wldlhi them. Fontaine ( 1 960) pointed Ottt that it Is to be 
expected that the first effect on an ecosystem of a damaging 
radiation response by the most radiosensitive species in that 
ecosystem would be disequilibrium bl "*lt* community, a dis- 
equilibrium that clearly may have repercussions on human 
life outside the field of radioactivity." We know of no re- 
search that appears to have been directly stimulated by this 
suggestion. In fact, as discussed in Chapters 9 and 10 of this 
volume, the usual criteria for "acceptable" levels of radionu- 
cBde releiM, or of enviroomental radionuclide conoentra- 



ionizing radiation, but the autlior did not daim this u evi- 
dence of selection for genes enhancing radiation resistance. 

Ow ignorance of tlie genetic dhrersity within marine spe- 
cies atiHpirevents any iMfittl attempt to consider the genetic 
effiKta of incraaaad ndiadon on pelagic ecosystems, al- 
though considention of the histories of radiation e^NMUie 
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FIGURE 1 Ranges of cicincnl concentration lectors in marine or- 
pniMM at vartows trophic Icwit (data from Tabic 2). Log Kala: 
10-^ t* 10^: 10* imrlwd by horiiontil Nmlt IIin; 



don, are cl«arly homocentric, oriented toward questions 

concerning direct radiation exposure of man or of his prcv 
ent food organisms. It is concluded in Cliapter 10 that 

J continuation Ht p'jUcu's and practices concerning tiw 
control of low-level waste ULsposal . . . e^itablished during 
these formative years should assure that radioactive con- 
tamination of the marine en?ironment will not reach unac- 
ceptable levels. 

While It would be purely serendipitous if, in attcmptidg 
to protect only man and the offanismi he now exphrits, the 

richt decisions liave been made wfh re<;pect tn protecting 
the ecology of the oceans as a whole, this appears in fact to 
have been the case. Man u among the most radiosensitive or- 

gani<;ms. and hts greatest vulnerability to radiation lies in his 
genetic apparatus. Because wc cherish the life of every hu- 
man being but are interested in preserring other organisms 
as populations rather than as individuals, our standards for 
the direct protection of man liave also protected the pyra- 
mid of life in the sea, on which man ultimately depends. 
This conclusion is discussed further in Chapter 9, 

Wc believe, however, that inlormation is available upon 
which to buHd a qualitative picture of the radkxemitivity of 
marine ecosystems; we believe further that cur attempt in 



the following pages to build such a picture is appropriate to 

the present discussion. 

Klopfer (1959) suggested that four variables are princi- 
pally involved in determining the number of taxa in a given 

area; the time elapsed since colonization; the area's geo- 
graphic extent; its topographic variability; and its chmalic 
variability. Of these, the first two would be expected, in the 
world ocean, to have fa\'nred development of a very large 
number of marine taxa. We believe that lite originated in the 
oceans and that consequently the time for marine speciation 

has been the maximum available on earth; and, as we em- 
pitasized earlier, the world oceans represent the longest en- 
vironmental continuum ahmg which otganisms can spread 
and differentiate. On the other hand, in ocean environments, 
the range of variability, either topographic or climatic, is 
probably small, compared to that in most hige land areas. 
Contrary to Thorson's (1957) generalization. Hutchinson 
(19S9) has noted that, in fact, marine environments (once 
account has been taken of the nonrepreaentatkm therein of 
Insecta, Aniphihia, and most orders; of mammals) arc char- 
acterized by greater species diversity than are those of land 
or Iresh water. In spite of the enormous area repfeientcd by 
the oceans and in spite of the enormous time available for 
evolution within this area, such extensive diversity seems 
surprising in view of the very modest ranges of most of the 



environmental variables invi 



in niclie detcrminatioo. 



It appears that the diversity ol marine species has t>een 
achieved by a long, slow evolution that has divided the en* 

vironment into a scries of niches probably definable by vari- 
ations much more subtle than those that are critical in either 
land or freshwater determination. 

This conclusion appcar<: have sinnificant implications 
with respect to the mechanisms of marine population con- 
trol. In a stimulatbig but controversial contribution, 
Hairston ef «l. (1960) concluded that 

(1) populations of producers, carnivores, and decomposeis 
are limited by their respective resources in the daaaical 
denaity^lependent fasUon. (2) interspedfle competition 
must neoeaniily exist among the members of each of these 
three trophic leveb, (3) herbivores are seldom food limited, 
appear most often to be predator-limited, and tharefonaie 
not likely to compete for common resources. 

In a related aralys's loss simply theoretical and strictiv ma- 
rine. Conncll and Unas ( 1 964) emphasized the lole ol avail- 
able energy in encouraging species dhrersity. They also con- 
cluded that the "instabihty of the medium" must discourage 
oceanic creatures from speciation mto niches characterized 
by very rigoroin physical, or presumably chemical, spedA- 
cations. As noted above, wc believe that this argument does 
not apply to open-ocean plankton or benthon, we believe 
that even in the upper layers of watav-thoae of maximum 
*'instability"-tbepojM(m in the cnvironnMnt of the various 
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phytically or chemiciilly delimited i>iehes nni'St change, but 
that veiy few sucl\ niches would Ik seasonally or randomly 
obUtented. 

Some other conclusions reached by Cimnctl and Oftaim 
especially relevant, however, in the present context: 

Although MOM aielm «n detwotfiicd by plqnleal 

in die envifomnent, most of the dimemfons of the niche tie 

a result of interaction, between oreanisms. Vox thi5 reason, it 
is impossible to predict Die nuriibei ot iiii.lieb (aiiJ therefore 
spcLiLst from environmental complexity alone. We also dit- 
card the idea that rigoiousne»p«r se limits diversity. 

If these conclusions apply to the diversity of marine species, 
as we believe they do, the numbers of marine ecosystems 
miBht be expected to be mote dependent on each othei^s 

productions and interactions than is true for members of 
land or lieshwater ecosystems; the presence or products of 
other spedee may be the resources meet commonly com- 

peted for Fquallv, the need for specific products of a com- 
petitor species may be the factor preventing competition 
ftom rendting in complete disphoement of one tpedet by 
another. It seems likelv to us that such considerations may 
be more important to planktonic than to benthic organisms. 
Kohn (1967) has shown that for Cbmw-a near-dioie bcn- 
thk gntropod genus-environmental complexity b the main 
source of species diversity. 

RadioactMty introduoed into sytteniB like these in dai» 
aging amounts may be viewed either as a "stress," which ap- 
pears analogous to environiDental "rigorousness" as consid- 
eied by ConneO and (Mas (I964)« or as an analoiMe of 
peedation: the latter seems to be a more usefvl UflS tO COn- 
aider. As noted above, Hairston et at. ( 1 960) eoodlided tlut 
only heTl>lvoTes, as an ecological class, can be Kgardcd as 

us'ja1!y prodator-hrTiited. Murdoch (l''66> has strongly criti- 
cized this view, and ceriainly it is more usual, we believe, to 
consider the aquatic herbivores as "resource-limited." with 
respect to food. Should herhivores, in fact, already be 
predator-hmited, the intioduction of a new "predator" - 
ladlatkm damage-would directly reduce this population, 
and presumably as directly increase the fraction of primary 
productivity available tor "decomposers," short-circuiting 
tlM flDod diiin. At the same time, reduction of the liaibl«Qte 
fwipulation would. accordiriE !o the argument of Hairston 
el ai., reduce m parallel the resource-limited predator popu- 
lations. Of those trophic levels readily ex|doitable by man, 
only the detritus-feeders might be expected to prviftt from 
such a change. Oi course, as the intensity of radiation pre- 
dation increased, an increasing number of spades WOUU be- 
come predation !in-;i1ed, and radiation resistance would 
finally become the major critenon of interspecific com- 
petition. 

Following S'obod'Mn ( I '^b^ t. one may inquire whetiwr, 
in this context, radiation damage is a "good" predator. 



Slobodkin considers "goodness" of predator behavior only 
from the predator's point of view-and, incidentally, con- 
cludes that predators generally "act as if they were behavbig 
prudentK " We have tried, however, to develop from his ar- 
guriieni an analogous "goodness" in terms of the biosphere: 
The yield of each species, in terms of conversion of its spe- 
cial set of raw materials to usable commodities, should be 
maximized, and the size of no species' population should be 
so reduced as to seriously diminish its ability to respond to 
disadvantageous fluctuations of the environment. From the 
viewpoint of the biosphere, the over-all "commodity" of the 
oceans might be taken as the maintenance of optimal O] 
and CO., levels in the ii'mosphcrc; this is clearly in the hands 
of tlie "primary producer" plants and of the carbonate skel- 
eton focniers. AH other spedes, in this view, would exist 
simply to ensure a smooth flow of nutrients to and catabo- 
lites from the primary producers and the carbonate formers 
and, following the argument of Conndl and (Mas (I964X to 
contn'bute to the "intarapadflc** fitness of Uwir environ- 
ment. 

From sudi a point ofvlmr.ndiation damage is an ex- 
ceptionally poor predator;!! is not density-dependent and 
thus iias no tendency to dlndrtlA its effect as a species ap- 
pvoadies the level of "reduced leriUenoe.** It tends to affect 
moat seriously the young, fast-growing stages of the popi^ 
lation— those of lowest "population efficiency," in 
Slobodkin's terms-whose loss bodi affects the lesiUence of 
the population and results In the poore?! use of energy 
Furthermore, unlike any other form ol prcdation, it should 
tend finally to emphasize selection only for a variable of no 
other selection value at all, radiation tesistance. 1? fn;iy be 
further argued that radiation predation would be especially 
dangeiQUS for the planktonic species of the Open sea: Most 
of these species undergo cyclic reductions to very low abun- 
dances, at which the population may not be able tu with- 
stand further predation; these periods of low abundance afe 
followed bv periods of very rapid multiplKation during 
which the radiosensitivity of individuals by analogy with 
all experimental organisms so far studied -may be eitpeded 
to increase in proportion to the rate uf cell division. 

li appears pus;>ible also to argue that the more closely 
interdependent are the species of an ecosystem— and we b^ 
lieve that those nf marine environments are especially 
closely linked, and to a greater diversity uf mutually inter- 
depandml spedes^the more especialh radiosensitive will be 
the system. This argument critically depends on a wholly 
untested hypothesis-lhat the species interrelationships of 
marine ecosystems are specifically inflexible and that few 
(or no) participants in such an interrelationship can be re- 
placed by others, if this is so, then the group, when exposed 
to damaging radiation, would be limited by the response of 
its most sensitive members. This hypothesis, we believe, is 
supported by the types of marine species interactions listed 
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above (p. 20S), as well u by the arguments of Connell and 

Orias ( l'>64); it was also advanced by Fontaine (I960), on 
other grounds, some time ago. Support is also provided for 
this view by Imbrie's (personal communication) success in 
analv/inu species abundance relationships in marine Fora- 
nunilcra popubiums (Ironi sediitvents and from planktunj, 
using a statistical procedure that required that the relative 
abundance', ot" the indnidiial species must always he the 
same \n uider to appear to vary as a group. It the relation- 
ship *'species A needs species B needs species C needs spe- 
cies D" is t]«iite ir.tlex:ble, \'. would not he surprising to find, 
over considerable ranges ul environment and of papulation 
abundance, that it could be quantitated as " 1 0 individuals 
of species A need of species B need 3 of species C need 2 
of species D," and the relative abundance ranking of the 
species in the group would be maintained as the absolute 
abundances varied. On the other hand, if the relationship 
were "species A needs either species B, , Bj, or B^, ' then 
we would not expect B, , B, , or B, to maintain a oomstant 
abundnMcc relative to A as the absolute abnndnnces vary, 
Tecluiiqucb to explore whether ilus lattci situation is at all 
common are presently being sought, but the foct that analy- 
sis based on the simpler situation has had success appears to 
confirm some cases of specifically indexible interdepen- 
dences. 

It is clear that this sort of specifically inflexible interde- 
pendence would not act to increase stability uf a community 
or ecosystem, contrary to the suggestions of MacArthur 
(1955) and Watt ( 1*'64) that increased stability would result 
from increase in the number of interspecies links. Paine 
(1969) has soggatted that in quite different sorts of sitU' 
aiions-in ecosystems of moderate complexity (the inter- 
tidal community of the North American Pacific coast) or 
even of great complexity (the Great Barrier Reef ofT Aus- 
tralia)-lhc removal of one specific carnivore (among, in 
both cases, many other large carnivores) has resulted in ma- 
jor, even drastic (in the latter case), changes in the species 
composition of the whole s>steni. Clearly, Fame's (1<?69) 
suggestions relate closely to that of Fontame (I960), noted 
above, of the dependence of a linked eooeystem on the la- 

diosensitivity of its most sensitive member. 

In conclusion, it appears that the patterns of cychc abun- 
dance of many marine specks are s«ch as to make radiation 

daman' especially serious when viewed as a form of preda- 
lion; it appears turiher that the patterns of interspecific 
mutual dependence inferred for marine ecosystems may 

have specifically reduced the ability of individual species to 
protlt l ioiii higlier levels of radioresistance. It does not ap- 
pear to us possible even to erect chains of argument that 
might relate tlii"- mM n' properties of marine ecosystems to 
those discussed earlier as probably luakuig inaiine species 
more likely to show the stimulating effects of radiation- 
induced heterosis. The directions that should he taken by 
re&eaich in these areas are quite clear-as indeed they were 



when noted by Fontaine (I960) and Buzzati-Traveiao 
(I960) at Monaco in 1 ')59-bul the actual experimental de- 
tails arc mostly cither obscure or of triglilening complexity. 
Our hope in this discussion has been to point out how im- 
portant these problems are and to imply how unlikely it is 
that their practical solutions will be found in purely man- 
centerad regulations. Again, however, let us idterste that no 
support is intended for the view fliat present levels of ocean 
radioactivity, or any levels now contemplated, constitute 
significant ecological variables. 



HUMAN ECOLOGY AND 
THE MARINE ENVIRONMENT 

As man is an organism interactini' wiili tlie oceans, liis ecol- 
ogy IS as suitable a subject toi cunsideratiun here as that of 
any wholly marine species. Perhaps the most salient aspect 

of hun^an ecology today, the "pnpuhrion evplnsioii," 
clearly implies that there must be signiticant changes in 
man's relationships with tlie biosphere, as well as with his 
fellow man. Much recent discussion (Polikarpov, 1966, 
p. 233; President's Science Advisory Coiiiniitice, 1966, 
Ch. 2; Butler and Holston. 1966; Ivcrscn. l'>67; Emery and 
Iselin, \9bl Jiydrospacc. 1968; Presidents Science Advi- 
sory Committee. 1967; Schaefcr, 1968) has dealt with the 
idea that increasing human needs for food can and will be 
met partially by expanded and more eflkient exploitaticm 
of the organisms of the oceans. 

Sudi a change has dear and pertbient tanpHcatians for 
our present oomsktetation: 

Increasing the efficiency of exploitation of pelagic biota 
necessarily implies-if anything like an order-ot rnaenitudc 
increase of efficiency is to be sought-that lower and lower 
tro|)hic levels must be exploited; such exploitation carries 
with it the prospect of cfaan|es in the ladionucUde exposure 
of the exploiters. 

Efficiency of exploitation can be great^ extended with 
safety only after significant growth of oiu understanding of 
the oceans as ecosystems. Marine radioactivity has been and 
is now a basic tool in extending this understanding, and the 
regulation of releases of radioactive materials to the marine 
environment should continue to be designed with this use 
taimind. 

As ecosystems, the oceans are continua to an extent not 
exhibited by any other systems subjected to human exploi- 
tation save the atmoqihere, and like the atmosphere, the 

world <^cean in something like its present ecological- 
gei.'clieiiucal Uynaiiiism is essential to life on earth. Consid- 
eration of the physical and biological histories of many areas 
in which the application of intensive agriculture predated 
reasonable knowledge of soil conservation the deserts of 
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Persia and North Africa or the semideserts of Spain and 
much of China, among othen-shows how vital it is that ex- 
ploitation of the marine biota be intenafled only hand in 
hand with full undemanding of the importance to man of 
the intact ecosystem and of those variables critical to its 
contmued intepity. 

These three problems are considered in greater detail in 
the foUowiog lectioai. 



Use of Lower-Trophic-Level Organisms 
in die Oceans as Food for Man 

As the earth's population incieases, more attention will be 
directed toward the oceans as a source of human food. In 
terms of the efficiency of energy conversion and of deliber- 
ate attempts to cultivate and harvest the seas, the primary 
producers and the grazers became more and more appealing. 
Thus, gmen on planleton may become important foods for 
human consumption, supfdementing the predaceous fbh 
DOW largely in use, as well as the lowet-trophic-level cnistap 
oeans and shellfish. This dianp of enl|iiasis is a considera- 
tion of special force in aquatic environments, where food 
chains are typically of much greater length than are those 
on land. 

Polikarpov ( 1 966, Ch. 12) concluded that in a uniformly 
labeled aquatic environment, ladkMiuclides are more gen- 
erally accumulated directly from the water than indirectlv 
by way of the food chain; he appears to have been strongly 
influenced in this view by studies of such radioelementt at 
strontium and cesium. In studies of manganeie metaboltsm 
by the lobster, Bryan and Ward (196S) have presented data 
indicating that most uptake must be from the animal's food; 
most of its zinc and copper, however, appears to be ab- 
sorbed directly from the water (Bryan, 1964). Studies of 
tills kind have been made of few other organisms, and it 
does not appear to us that the available data support any 
firm generalization about paths of radioelement uptake. As 
Polikarpov points out, however, in a nonuniformly labeled 
environment, where organisms either prey or predators— 
migrale from liigher to lower levels of ladioisatope contami- 
nation, tlie food chain may ht expected to lie a major vari- 
able in an organism's accumulation of radioactivity. Data 
presented In Chapter 3 sliow that over very long periods of 
time after any radionuclide it introduced, and invaiiilily fi» 
short-lived nuclides, nonuniform labeling of tlie matint en- 
vironment it prediely what will exitt. 

As we have pofaMad out above, oooildention of the 
energetics of eco^ttems faidicates that large increases in 
man's efficiency of exploitation of the marine bioipiieie for 
food can be made only by emphasizing incnand ihb of 
grazen. ff, at noted by Butler and Holston (i966X the cnv 



phatit it on die oceans as a source of protein food-and lack 
of protein is notoriously the great dietary deficiency-then 
the grazers in the sea, as on land, are the most promising 
level for exploitation. Or if, as noted by Emeiy and ladin 
(1967), man is approaching the point of dindniridng returns 
in "gathering" or "hunting" food in the sea and must face 
the prospect of sea-farming-or, in tiieir terminology, "herd- 
ing** of marine aninnds-theie appears again more hope from 
exploitation of grazers. As Iversen (1967) pointed out, we 
know how to increase the food available to impounded crus- 
taceant or bhiahret, at wdl at to **tlM»e fishes that lied low 
on the food web," but we do not know how to provide, 
cheaply or efficiently, food for impounded carnivorous 
fishes, dearly, ttns sort of litoation, the poniian of leav* 
enger species that can exploit human waitet ako dettiVM 
detailed consideration. 

In general. aD roads to oondusiOna about large ineraaaaa 
in "food from the sea" lead to increased use of grazing 0^ 
ganisnit. And at the data of Table 2 suggest, this increase 
win be accompanied by increaaed intalte of a hurge number 
of elements having important fltdon prodocts or activation- 
produced radionuclides. If there is progressively increasing 
human use of marine grazing animals for food, accompanied 
by widespread marine disposal of radionuclide wastes, the 
problems of maintaining human exposure to radiation at 
low leveb would be intensified. Use of the "specific-activity 
approach" to these problems (described in Chapter 10) de- 
pends on the assumption that man's present element con- 
centration levels would be maintained even in the face of 
signillLant changes in dietary concentration levels. For veiy 
few elements do we have good data in lupport of this as- 
sumption; on the other lumd, we Imow of several (As, Sb, 
Te, Pb, to name a few) tfiat man is unable to regulate; some 
impiicalions of this uncertainty were considered in the 1962 
National Academy of Sciences-National Research Council 
pM'iCition, Disposal of Low-Level Radioactive Wastes into 
Facific Coaital Waters, Furthermore, the history of regula- 
tory activilies it one of very dow response to increased haz- 
ards resulting from technological change. This is well illus- 
trated by consideration of the histories of the use of lead in 
interior paints, of automobile design and traffic control, of 
the use of fossil fuels in urban envifonments, and so on. 
That the Windscale and other British releases of radioactWe 
waste have been constantly, and thou^tfully, re-evaluated 
and controlled Cncston and Jefferies, 1969) is a great credit 
to the agencies responsible, but this is only a small ray of 
hope in the largely gloomy history of industrial pollution. 

Whatever the approach used- "specific activity" or 
"critical pathway" (see Chapter 10)-thcrc will exist a clear 
opportunity for neglect of those ciianges in regulations im- 
plied by alteratim of man*s dietary emphases. In the 
specific-activity approach, the probability that much of the 
change in expoaure to man may be in increased gut-content 
levelt It coupled with the explicit ne^ect of iiynergiBm be- 
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tween exposures to the gut and to the "critical organ" est^ 
mated from stable element distribution. In the critical- 
pithway approach, the Ukelihood that new critical pathways 
will appear for each radionuclide as human food emphasis 
shifts tu lower trophic levels puts on the regulatory agency 
an onus of constant fesunwy of each disposal situation. It 
appears clear to us that at any given level of radioactivity in 
the oceans, both the hazards to man and the problems of 
guarding populations against these hazards will necessaiUy 
be greater, and possibly a good deal greater, if he is eating 
grazing organisms than if he is eating predators. The statis- 
tics of published informatian on critical-pathway contnd 
situations are in agreement with this view. 

Two other consequences of importance in this context 
woidd follow man's placing ipeater leliance on grazeis or 
filSt-Stage predators drawn from the pelagic environment for 
food: (a) the organisms eaten would, in general, be of 
smaller sin and consequently of greater surface : volume 
ratio than most of those now exploited: and (b) even be- 
yond this purely geometrical Increase in surface : volume 
ratio, the organisms of the plankton have tended to evohw 
bodies having extra-large surfaces, whether to enhance pas 
exchange, to resist sinking, or as an adjunct to food gather- 
ing. Moreover, as food^Kganism m» diminishea, man's ten- 
dency to consume the whole organism increases, for in- 
stance, sardines, fish meal, or even the often-advocated 
plankton paste. From foods of this sort, man woidd be ef- 
flcienlly exposed not only to the amount of radionuclide 
concentrated by the organism, as indicated by its analytical 
concentration factots, but also to the amounts held in its gut 
from recent meals and to that adsorbed on its external sur- 
faces. Studies summarized by Lowman (1960) have shown 
that many radioactiYe nudides appear at higher ooncentrfr 
tion ratios in gut contents o: adsorbed on surfaces than they 
do in the metabolic cycles of plankton organisms. 

Already, both dietary preference and ecoiramic Actors 
have led large fractions of the world population to the con- 
sumption of whole marine organisms, including shell; the 
small dried shrimp used widely in the Orient and in Brazil 
and tilt- slniinp-flour chips that have spread from Indonesia 
to very wide use in South America and elsewhere offer ex- 
amples of this. 

An amusing aspect of thr vMnability of hurr^n ecology, 
in the sense of feeding habits, appears as a consequence of 
Ward's (1 966) study of the uptake and diatributkm of plu> 

tonium in the lobster. Her coiiclnsi(>n is. implicitly, that be- 
cause 90 percent of the ^^''Pu Uken up by Homarus vulgaris 
is deposited in die calcified shell, the lobster u a dietary 
vector of Pu can be taken as minimized This is clearly rea- 
sonable for those who ingest tlie organisms in cocktails, 
salads, or otherwise from the sheH; it is not so, however, for 
those gourmets addicted to lobster bisque-a soup thickened 
by a paste of pounded lobster shell. Since one can reason- 
ably predict simibr Pu conoeotration fat the shells of other 



edible crustaceans, and since crab bisque, shrimp bisque, and 
crayfish bisque are of comparable elegance, one can envision 
a dichotomy of radionuclide hazard based on gastronomic 
sophistication. 

Since we are here considerir\g human ecology, it is ap- 
propriate to mention the very extensive literature-laigely 
in Japanese concerning the use nf .Ir istically "modified" 
marine organisms as food, in the forms of fish pastes, 
"cheeses," sausage, and the like. Much of this work appears 
to have been motivated by a desire to retrieve materials 
stored too long rather than by a striving for gastronomic 
elegance. However, the modiflcation procedures point to- 
ward ways of producing edible protein of much lower radio- 
nuclide content, as well as toward lowering the content of 
toxic or unpalatable decomposition products, toward which 
this work was aimed. That such processing would result in 
increased costs appears self-evident, but that it could be 
done without unbearable economic results In ease of peisis- 
icnt need for radionuclide decontamination is as likely as 
that it would-as it has in Japan-prove cheaper to reprocess 
fish than to store them at low temperatures. Man's techno- 
logical dexterity and his ability to find its results acceptable 
are among his most salient adaptive traits. 

Considerable Interest attaches to the time scale of man's 
increasing demand for fond F-rom Butler and Holston 
(1966), it appears that ilie United Nations is thinking in 
terms of supplying from the sea about 20 peicent of the 
world demand for animal protein estimated val ies vary 
from 14 g per capita per day (Butler and Holston, 1 966) to 
1 5-20 g per capita per day (Sduefer. 1968. and peisonal 
communication), a maximum requirement for 3 X 10' peo- 
ple of 22 X 10^ kg of animal protein per year, in 1964, the 
worid ocean yielded (Emery and Iselm, 1967) 28,6X10* 
tons of animals for human food- roughly equivalent tO 
5 X 10' kg of animal protein; this represented, then, abnott 
25 percent <^ the estimated maximum teqidrement for a 
world population of tluee billion, if properly distributed. 
As both Emery and Iselin and Butler and Hblston imply, the 
ocean's yield of human food oouM have been apprcKiinately 
doubled simply by using the marine food now fed to domes- 
tic animals or used as fertilizer. Butler and ilolston con- 
cluded that present aimual harvests of marine animals could 
be increased fivefold to tenfold by fairly straightfonvard im- 
provements of present harvesting, but that this represents a 
ceiling above which further bicrease in harvesting can be 
achieved only by an emphasis on trophic levels lower than 
those now exploited. Schaefer (196S), however, pointed out 
that as mud) as 40 percent of the 1964-1968 wmld fishery 
harvest was represented by "hcrring-like fishes" feeding at 
the first or second trophic level above the planktonic plants. 
Althou^ this did not offer encouragement that large gates 
in fisher, yield would come from transfers of effort to still 
lower trophic levels, Sduefer's calculations of "probable 
potential yield" of the world ocean (based on estimates of 
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total net prim.iry priiLlu.;t;\'i(y of the oceans, and 1 0 to 
20 percent per trophic-level transfer coefficient) in<licate 
that the mtrine fisheiy should be capable of wpplyfaig 
(without ch.inre in tmpliic level emphasis) one to sL\ times 
the total protein requirement of a world population of six 
billion people-double that of the present. Sdtaefer ftirther 
estimated that, based on technical considerations, about a 
fivefold increase of the world fishery harvest could be 
achiewBd "with no radical developments, such as fidi fann- 
ing." It may then be concluded that while there are basic 
disagreements about the reasons, there is some agreement 
about the conclusion that by the dme a fivefold to tenfold 

increase has been achieved in the protein harvest of the 
oceans, either trophic-level considerations or consideratioiu 
of harvesting tedudque will cause greater emphasis to be 

placed on the use as food of lower-trophic-Ievel fishes and 
invertdirates (Butler and Holston, 1966) or on those marine 
anbnds tusoeptible to economic *tea farming" [lower* 
tiophic level fishes and invertehrLitos .igain, as Kc-rscn (1967) 
ooocludedj . This appears from both Butler and Holston and 
Schaefer to be projectable to the last decades irf the present 
miIlenium-1980 to 2000. It is, then, not too soon toeqgage 
in speculation on the consequences of massive (or of more 
masihie) exploitation of marine gruers. 

Man's present low level of dependence on marine sources 
of food, combined with his present practice of using princi- 
pally tlie iiiglter tropliic levds in his diet, has ghren added as- 
surance that the permissible concentrjtikjns of radionuclides 
in ocean water (as given by the National Academy of 
Seieitoes-National Researdi Council, 1962, for example) 
arc conservative. As human populations gro\^', with rapidly 
increasing demands for animal protein, it will become de- 
sirable to significantly increase our exploitation of marine 
biota. Consideration either of the energetics of foad webs 
or of the technology of animal "aquiculture" has led us to 
condude that sizaUe taicreases in marine food supply must 

be made by utilizing grazing animals, as has been true on 
land for the same reasons. Analytical data show, however, 
that marine grazers tend to have hrger coneentntions of 

radionuclides than do the marine predators now largely ex- 
ploited. Thus, the tuiurc seems to indicate that man's in- 
creasbig need for protein wdl tend to reduce Ms emphasis 

on one or two links in the food chain that may have pro- 
vided an extra degree of insulation from the radioactivity 
in the sea. As the National Academy of Sciences-National 
Research Council (1962) noted, much of the basic data con- 
cerning the elemental composition of marine food organisms 
and man's assimilation and retention of elements fram such 
food was lacking. Tliis is still true. 

We hasten to add that either the specific-activity ap- 
proach or the critical-pathway approach, when properly ap- 
plied and continually adjusted as the environmental situa* 
tion changes, will ensure that the concentrations of 
radiooudidea hi our diet, regudleia of vidiat seafood we cat. 



will be below pcmiissihle leveh. Extensive long-term studies 
of food organisms from the Irish Sea near Windscale and 
from the northeast Pacific Ocean off the Columbia River 
indicaie that the health and safety of human beings ItaS been 
a primary consideration in release limits of radionuclides. 



Marine Radioactivity as a 
Basic Research Tool in Ecology 

The tracer experiment provided to sdentists by the two 
periods of intense atmospheric testini; o.f fniclenr explosives 
offimd a unique opportunity to explore details, especially 
of rates of transfer, of marine geochemistry and hydrog- 

raphy. These tracers are discussed both in Chapter ^ and in 
sections concerned with circulatory processes in Chapter 4. 
However, even afler fifteen years we still have not teamed 

how this tracer experiment may best he e\plo;ted It mUSt 
be emphasized that the "fallout tracer experiment" itself 
aerioudy aflRecied our abiBty to profit ftom other tracer ex- 
periments. Tritium, for example, is a "natural" radionuclide 
in addition to being a major product of thermonuclear de- 
vices. It is eontinuoiisly being produced, at low but measw^ 
able levels, by cosmic ray processes in the atmosphere. The 
existence of this natural tritium as a geochemical and mete- 
ordogicd tracer was predicted by Ubby in 1946; publica- 
tion of data confirming this promise began in 19.';i CGrosse 
et al., 1951). In 1952, the United States carried out its first 
Uwrmonudear explodon, and by 1954, the Castle series of 
weapons tests had introduced artirici.il tritiiini lo levels that 
overwhehned the natural levels. By contrast, the first sub- 
surftce seawater samples were collected for tritium analysis 
in Septetnhe: 1^554 fUejjeinann and Ubby, 1957); the only 
pre-Castle surface-water samples were collected in late 1952, 
and these were very few in number. Not merdy has our aibil- 
ity to use the data resulting from the introductions of ther- 
monudear tritium been diminished by our ignorance of pre- 
Csatle tritium concentrations, but our opportunity to 
obsep.c the profiles of equilibrium concentration levels of 
natural tritium was destroyed before it could be taken. Ex- 
tremely valuable ooeanographic information could have 
been obtained through estimation of the sp>eed at which the 
bomb-mtroduced tritium approached the equilibrium profile 
of natural conoentratloos. The same test series also disrupted 
out use of natural carbon- 1 4 as a long-lived tracer for study 
of many of tiK same processes as those in which tritium is 
involved. 

In fairness, however, it should he staled that the develop- 
ment of sensitive counting equipment essential to tracer 
studies was greatly acoeleratod by the nuclear testing 

program. 

The oceans must be studied as a single intact ecosystem. 
Above (p. 200X we noted one Qrpe of bar to thdr easy 
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explontiofi. but there «re many othen. LwgiMcde tracer 

cxperimenis may he the only way by which some parame- 
ters can be evaluated well enough to support the kind of 
modd*syslein studies that we believe are required to evilu- 

atc plans Inr ru"\'. vkays ti> e\|iliiii tlie murine envimnmeilt. 
Oui use ot such large-scale tracer experiments to achieve 
undmton^ng of the marine ecosystem coidd be hampered 
if radioactivity coruentrations in seawater are verA' much 
lower than the levels that would affect our present ability to 
exploit the system. Pbns for any massive new introductions 
of radioactivity into the oceans must be evaluated hi the 
light of, among other things, the possibility pteniature hi- 
temiption of the tracer experiments now bi progieas. 



The Significance to Man of the 
Oceans as a Functioning Ecosystem 

It has been common for man to assume that any space is 
relatively large compared to his own dwelling-and this 
seems to apply as weO to air^hafts in slum apartments as to 
streams, rivers, lake;, marshes, the atmosphere, and the 
oceans-and can be used as a waste depository. The hazards 
of this approach have become dear in the case of streams, 
rivers, and lakes, and locally in the case o*^ the atmosphere; 
it has even become clear that each ecosystem may turn a 
characteristic half-time for recovery from such abuse and 
that this interval is longer as the system in question is 
larger-i.e., longer for a river than for a stream, or for a lake 
than for a pond-and longer as it is more sluggidi-i.e., 
Icmi'.er for a pond tlian for a stream or for a lake ttiaii a 
river. All out knowledge of the oceans prormses that, once 
seriously bisulted in an ecological sense, their recovery 
would be slow indeed. It is most fortunate that the philoso- 
phy of nuclear waste disposal has so far been enlightened in 
this respect. It is important to emphasise, among the many 
reasons for continued adherence to today'? enligtitened phi- 
losophy, the fact that the oceans represent the fraction of 
the earth's surface exhibiting a positive 0} bsiance versos 
the atmosphere and controlling the balance. Man mtist 
maintain tlic world ocean as a functioning ecosystem for 
this reason, even if there were no others. 



SUMMARY 

Lower trophic levels of the seas are likely to have greater 

concentrations of radinactivity than higher trophic levels. 
If the population explosion forces man to use these lower 
trophic levels as food sources, then the capacity of the seas 

to safely accept waste radioactivity will decrease. 
If, as suggested, marine species are both more closely 



Mnked than those of other ecosystems, and if unique-or 

very limited— species intcnjcpi'nijciicc^ ;!rc lu-ie irii'rr cuni- 
mon, then the radiation resistance of maiuic ecosystems will 
often be stron^y limited by that of the least resistant spe- 

^icN niiirinc ra Jiojclivity levels have yri apprii,i,;hc J 
possible danger points, but this is argued as one of several 
aspects of the oceans neetog ftdler consideration in fliese 

contexts. 

in order to assess properly the consequences to man of 
radioactivity in the marine environment, continued reaeardi 

is needed into the physi s ; hcniist'\ . and biology of the 
oceans and into the interdisciplinary "hyphenated" off- 
qwbigof these basic sciences. Of particular fanportance is in- 
creased research into the radiosensitivity of marine ecosys- 
tems. It is hoped that with the aid of modern high-speed 
digital computers we will attain new and more profound 
understandings of how the oceans will respond to the pres- 
ence of this new contaminant-man-made radioactivity. 
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Chapter Nine 

RADIATION 
EFFECTS 



W. L. Templeton. R. E. Nakatani, E. E. Held 



Under the present expansion in Iht- development of nuclear 
energy, it is inevitable thai the marine envuonment wili con- 
tinue to receive an increasing burdm of ndiation. We must 
therefore be concerned with the amounts and kinds of radi- 
ation the individual organism, the population, and the eco 
lyiteni can tolerate without significantly changing tlie "bd.- 
anoe of nature." This halance is not static; it responds to a 
multiplicity of factors, both natural and man-made. Kadi- 
atkm b but one of these factors. However, irradiatioci it not 
a recent introduction to tde tnarine ertvironrnenr. since low 
levels of radiation tiom enviioiimenlal and cosmic sources 
have been present to varying degieet tbtouglMmt geologieal 
time. Our knowledge of the responses of ecosystems to 
small changes in then components is extremely limited; and, 
fiirtbennore, the interactions of elements of the natural en> 

vironment have yet to be explured. 

All types of ionizing radiations produce changes m living 
cells, and some changes, at least, are regarded as deleterious. 
Until we learn otherwise, it is assumed that any radiation ex- 
posure in excess of the "natural" level might produce dele- 
terious changes. The biological consequences of Iow4evel 
irradiation have prown therefore, into a subject of impor- 
tance in all environments. Our knowledge of this subject 
with respect to the marine environment is still extremely 
limited and is mainly concerned with somatic effects 

The potential hazards to man of radiation exposure have 
been and arc being studied very extensively. In general, the 
oondiuion from these studies is that any slprificant incieaae 



in radiation levels is detrimental from the genetic point of 
view. However, for man, this acceptance rests on etiiical con- 
siderations with respect to the individud and on the fact 
that genetic anomalies are not reparable in an individual. 
When considering the marine environment, however, we are 
not primarily concerned with individual organisms, but with 
populations, and at the population level fcnetic damaic It 

reparable by natural selection. 

This conclusion is sununed up dearfy tai a paper by 
Purdom (1966). 

It would seem likely ihiii tin- genetic response of popula- 
tions is relatively unimportant and that general mortahty 
and infertility would be the hmiting factors in the extent to 
which populations may overcome radiation exposure. This 
certainly seems true for aoiniak which have been studied ex- 
lensively-Z>/oaopAita, the mouse, and domesticated farm 
animals. Provided fliat marine organisms are not more senai' 
live genetically than these other organisms, genetic damage 
will probably have negligible effects, even under the maxi- 
mum radiation expoittiea that seem possible from present 
day practice. 

In Chapfe: 2 are described those sources that release ra- 
dionuclides into the environment. In Chapters 3 through 8 
the physical, chemical, and biological factors that determine 
the distribution of the radionuclides are discussed. Some ra- 
dionuclides remain in solution or suspension in the seawater, 
and some find their way into sediments, both sources con- 
tfibuting to the dose to organisms. Other nuclides wUl be 



223 



Copyriytiicu liidiurial 



224 



RadloaetMiy kt the Marine Em4nnmmt 



TABLE I Raduition Dose Rates in mrad/ Week in Various TiMues of Cod ({MkficaOiiiu) and Haddock (Gadto«s<^^ 
from Uu Decay of 4«K and 3>«Ra< 



RadkmucUde 


Cod 








Haddock 








MuKk 


Skin 


Bono 


Pim 


MiNcto 


Skin 


Bone 


FilM 




0.43 


0.25 


0.28 


0.16 


0,36 


0.25 


0.32 


0.16 


t 


0.03 


0.01 


0.01 


0.01 


0.03 


0.01 


0.02 


0.01 






0.020 








0.040 







*Aftw Fadoiwr (tMS). 



TABLE : Estimates of Natural-Radiation Dose Rates to 
Plaice {Pleuronectes pktesstt) in the Irish Set* 



Type of DoM in 

Sauce Radiation mR/wMfc 



Natiual activity in leawater 

<^«ily) y 0.07 

f 0.1B 

Natural activity in seabed 

(estimate) ft 1.00 

Co«nieiadiationet20in 0^10 

^Kinfish y 0-01 

9 0.32 

Total 158mR/wcek 

0.082 R/ycai 



*DaU tnm Woodkaad {pmoaal canuniiideaaon). 

absorbed by organisms or adsorbed on their surfaces; these 
nuclides will contiibute to the uitemaOy delivered dose to a 
greater or leaser cMenl. deper>ding on the size and complex- 
ity of the organism and the energy of the emission. Ln ad- 
dition, any of the panmettis discuwed m Onpter 7 or any 
group of them influences the exposure of oigHilsms to 
radiation. 

Laboratory stuiBes of radiation effects on fatdividu^ 

have been made with a variety of techniques. The basic 
Studies of sensitivity to acute doses of radiation have mainly 
employed x rays, w^iile studies attempting to reflect the en- 
vironmental conditions have used *"C'o and "''Cs sources or 
radionuclides in solution. Environmental and population 
studies have been more limited, however. 

Our mtention in this chapter is to consider only that re- 
search pertinent to the prediction of what might occur ia 
dte marbte environment: therefore, we have not considefed 
all of the studies that have been carried OOt USing marine or* 
ganisms in radiobiological research. 



NATURAL RADIOACTIVITY 

The sources contributing to the oatuial bad^round ndbi- 
tion dose of orpnisms in the marine environmimt are cosmic 
rays and the natural radioactivity ta the earth's crust, pres- 
ent in seawatcr sediments and biota (Folsom and Harley, 
1957). More tiian 60 radionuclides have been idcnliiied 
within the marine ecosystem (Chapter 2), and, based on 
these measurements, some calculations have been made of 
the dose rates to which the biota is exposed. 

Cherry (1964), in studies with phytoplankton from the 
open sea, shows that Jusc rates from total alpha activity in 
oiganisms could range from 230 mR/yr to 2.8 R/yr. Fedorov 
(I96S) has calculated the tissue dose from and ^^Rn in 
cod . Gadus callarias, and in haddock, Cadus aeglefinus 
(Table 1). Estimates have been made (Ministry of Agricul- 
tore, nsheiies and Pood, 196?) of tbe beta and gamma dose 
rate from the environment to die predominantly bottom- 
living plaioe, PJIeiinMec/es pilMeiii, hi tbe Irish Sea (Table 2). 
The major source of radiation as far as tMs species of flah is 
concerned is the seabed. 

Recent measurements of '**Po in mnrine organisms su^ 
gest tint mdiition from mtonl alpha emitleiB eontrilmtis 
significantly to the radiation dose to orgnisma (Beaaiey, 
1968). 



MORTALITY INDUCED BY 
ACUTE RADIATION EXPOSURE 

Lethal amounts of acute radiation differ widely among or- 
ganisms because of biological variations related tu such fac- 
tors as species, age, physiological state, and body size. In the 
aquatic envlroimient, these variations are further compli- 
cated by the interaction of environmental factors such as 
temperature, dissolved oxygen, chemical composition, and 
saltadty. Nevertheless, exdushw of the eggs and larvae of hi* 
vertebrates and fish, most of the freshwater and marine or- 
gasms for wiiich data exist are relatively radioresistant. 
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Marine species difTer little in ridiitiofi loltmioas fiom 
freshwat«f species. 

Values of LDj^ (lethal dose resulting in SO percent mor* 
tality) fur acute irradiation of aquatic urgani&ms have been 
listed by Donaldson and Foster (1957) and by PoUkacpov 

( 1 966) . In general, there is a relationship between ndion- 
sislancc and the phylogsny and ontogeny of the organism. 
Primitive forms are more resistant than the complex vert»- 
hraies, and older orgamama are more resistant than the 
jroung. Bacteria and algae may tolerate doses of thousands 
of roentg^. but freshwater fish, the most sensitive gioup 
listed t>y Donaldson and Foster (19S7), were affected by 
considerably lower doses. The LDj,, for adult rainbow trout, 
Salmoiairdnert, raqpd from 300 to 3,000 R; and for the 
most senritive stage of a developing trout egg. the LDjo 
value was as low as 1 6 R. 

Despite research into letiial effects of radiation fof over 
SO years, surprisingly few LO50 vahies have been dete^ 
mined for marine organisms. Polikarpov ( 1 966) lists LDjg 
values for SO species of aquatic oiganisms, but the majority 
of these are freriiwater organisms. Wlute and Angdovic 

(1967) provided some I Dj^ values for several marine ipe* 
des inadiated with a ''^Co source. For six ^edes of mailne 
adult fish, the I (lethal doae for SO petoent mortality 
in 30 days) ranged from 1 .050 R to 5^50 R, similar to 
values for freshwater fishes. 

Wiits and Aqgelovic (1965. 1 966) point to the need to 
deaetiie radiation tolennoes in term of thne aims for 



mean lethal dose rather than in terms of the usual LDjo^jg. 
Figures 1 and 2show the lime curves for mean lethal dose 
for 14 mnibse flihas and Invertebrates. Figure 2 shows, for 
example, that for die first 25 days, the oyster Crassostrea 
virginica Is much more resistant to radiation than the clam 
Mereenaria meremarkr, after 80 days, however, the LDg^ 
for the clam was greater than for the oyster. 

LDjo curves are needed, especially for tiie dominant eco* 
nomically important marine spedee in different eooqrstemi. 
However, because the levels of radiation required to kill ma* 
rine organisms are so high, actual lulls by radiation in the 
environment are extremdy wiSkely. These experimental 
LDjQ curves will, however, keep in proper perspective our 
view of tlie likelihood of mortalily in marine organisms 
from acute radiation. 



CHRONIC EXPOSURE 
External Radiation 

Donaldson and fionham (1964, 1966) have taken advantage 
of the migratory habit and die fiscundity of diinook salmon, 
Oncorhynchus tshawystcha, to make a continuing long-term 
study of the effect on a population of chronic low-level ir- 
ladfatfaMi fiom a **Co aouroe during embryonic develop- 
ment. Eqs were fint imdiited at 0 J R/day from diortly 




0 ' ■ ■ 1 I ■ ' 

0 » 40 tt 

TiiMAflir lrri«tf«n (D«ys) 

FIGURE 1 Mein lethal dote lime curvc> ft>t wverjl spf cics of mirine 
vertebritet thowlng the dose-time combination at which SO percent 
of the experimental A'v.mAi^ died. (Wi^wMd wHIt iwnwliiisn trew 
Whitt and Antelovic, 1966.) 




llMiMrirriiliiiimigiiini 



FIGURE 2 Mean lethal dose time curves fof «-ycral spcti:! f 
marine invertebraiet thowing the dose-time combinittont at which 
50 p«rceii[ i>f the cxprnmrntal animals died. (Rs^flMed Wltbplr^ 
miuion from White and Angalovic, 1966.) 
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after feftilization until feeding commenced. The total dose 
was 33-40 R. The flngerlings were reared and (hen allowed 
to migrate to sea. Those that returned to the hatchery dur- 
ing the second year were precocious males; during the third 
and fourth years rollowing irradiation, both male and female 
adults returned. Various crosses were made, some of wlilch 
were reirradiated at 1.3 R/day to a total dose of 95 R. The 
initial dose chosen was about 40 times the calculated maxi- 
mum dose that the germ cells and young salmon could re- 
ceive in the Columbia River before migration to the sea. The 
radiation level used in the experiment was appreciable, 
amounting to lO' times the normal hadcgioond, or 0.02 
mR/hr. 

These series of long-term experiments involving large 
numbers of organisms (96,000 to 256,000 flngerlings were 
released per experiment) indicate that irradiation at 0.5 R/ 
day from the fertilization stage to the feeding stage pro- 
duced no damage to the stocic sufficient to reduce the re* 
productive capability over a period of slightly more than 
one generation. Although abnormalities in young fish were 
increased by irradiation, the number of adults returning was 
not affected. On the contrary, the irradiated stock returned 
in greater numbers and produced a greater total of viable 
eggs than the control stocic. 

Brown and Templeton (1964) and Templeton (1966) 
report on a series of experiments in which the eggs of plaice, 
P. pUttessa, were irradLiied with a ' ^''Cs source. Total doses 
tanging from 0.6 to 500 R were used, at rates of 10 mR/hr 
to 1 R/hr from fertilization until hatching. No significant 
differences at hatching vi/ere observed in the survival or in 
the number of abnormal larvae produced. 

tngcl (1967) reports on studies of the effects of chronic 
low-level irradiation on the growth and survival of young 
bl"jc cr:ibs U'allinectes spidus). Single acute exposures had 
iridiLuicd that (he sensitivity of these crabs is similar to that 
observed for other marine invertebrates. In the chronic im- 
dialion experiment, the crabs were irradiated at an average 
of 22.5 hr/day at rates of i.2. 7.3. or 29.0 rads/hr. The total 
radiation doses received over 70 days were 5.105, 1 1402 
and 45.693 rads. A signiflcant number of deaths due to ra- 
diation occurred only among the crabs that received the 
highest radiation dose. The death rate of the crabs that re- 
ceived 3.2 luk! 7, ^ rad.s/hr was similar to that of the controls. 
All irradiated and uoiUtol crabs molted at least once. The 
numbers of second and third molts were affected by the ra- 
diation dose. The crabs tliat were irradiated at 29.0 rads/hr 
molted least, and none had tluee successful molts. Crabs 
that received 3.2 and 7.3 rads/hr underwent more second 
and third molts than did the contxoU. although this differ- 
ence was not significant. 

Radionuclides in the medium do not comtitute the only 
radiation source to which pelagic organisms are exposed in 
the environment. A high degree of sorption of radionuclides 
into or onto the egg, for example, could give rise to a radi- 



ation dose within, or in the immediate vicinity of. the de- 
veloping embryo that would be greater than that arising 
from the medium alone (Polikarpov and Ivanov, 1961 . 
1962; V.M. Brown. 1962; Brown and Templeton. 1964; 
Polikarpov. 1966). In addition, radiation from radionuclides 
incorporated into the developing tissues of an embryo may 
also be mow e f f ective in causing damage than external radi- 
ation alone (i'olilv.irpov, 1966). 

Hibiya and Yagi (1956) and Mikamief*/. (1956), using 
fallout ash and rainwater residues from weapons tests, re- 
ported on the effects of these materials on the development 
of fish eggs. Concentrations in e.xcess of 2 X 10"' Ci/hter 
were found to be lethal, and abnormalities and delay in 
hatching were observed in concentrations down to 4XI0"*' 
Ci/liter. The interprei .n <n i t these data must remain doubt- 
ful, however, since the radionuclide concentrations and 
chemical compositions of the ash and residues were not 
determined. 

Polikarpov and Ivanov (1961, 1962), Ivanov (1965), and 
Polikarpov (1966) reported on the effect of ««Sr-«<>Y at 
low concentrations in seawater on the developm c n i of eggs 
of Black Sea Rshes. Polikarpov and his co-workers, who pio- 
neered the studies in this field, have reported on extensive 
studies with eggi of a large number of marine and I resh water 
^des over tlie concentration ranfs ]0~'* to 10-^ Ci/liter 
oif *OSiwMY, Reduced hatching of the kivae and early mor- 
tally ware seen at concentrations of 10''' Ci/liter and above, 
and lb» Mimber of abnormalities increased significantly and 
with remaifciibls consistency at concentrations of 1 0^** Ci/ 
liter and above (Figure 3). 

V. M. Brown ( 1 962), Brown and Templeton (1964). and 
Templeton ( 1 966) conducted almdar experiments using eggs 
of the brown trout (Salmo trutta) and of plaice (Pleuro- 
neetespktetta). maintained from immediately after fertili- 
zation untH hatching in water contaminated with **Sr-*<*Y 
over the concentration range lO"'" Ci/liter to 10~* Ci/liter. 
They did not observe any significant increase in mortality or 
hi the production of abnormal larvae. Fedorov et al. ( 1 964) 
reported that the eggs of plaice from the Barents Sea were 
sensitive to low concentrations of '^Sr-^ Y in seawater. 
White and Angelovic (1966) report on the efTects of chronic 
exposure to low levels of '•"Cs on the developing eggs and 
larvae of mummictwgs {FumbUus heteroctitus). The concen- 
toations of '»'Cs used, 3 X 3 X 10^ . and 3 X 1 CI/ 
liter, produced no visible abnormalities. On the fourth day 
after fertilization, however, a general retardation in the rate 
of development was evident for those subfected to the high- 
est concentration levels. On the nineteenth day after fertili- 
zation (approximately SO percent hatch), tiie groups in the 
highest and the lowest concentrations had a dighi reductian 
in the number of fish Itatching. but this difference was no 
longer observable by the time hatching was completed. 

Neustroev md Podymikliin (1966a), in sirnHai itudin 
with the ^ of the Allmtic saliDon, 5Salmo svfar, found 
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10-10 10-* lO-M 10-10 

Sirontium^ Conomtfalion ICi/ltHr) 



FIGURE 3 Dependence of proportion of abnormal 
larvae of BUck Sea Fishes on strontium-90 concentra- 
tion In surrounding scawater. (1) and [i\ abnornul 
mullet larvae: (2) and (b) = green wrasse (Labfidae); 
(3) and (c) > horMmack«rcl: (4) and (d) ■ anchoviM; 
(S) and (•} ■ from a mixtura of p«li|lc iggt. (Tbt 
f||Ufw daiMMa tfM prapoftloii «r abnonmWiM in 
cpiNTOlfaf tlwwirlouf ipMlMcf fliliMj Lfft'hMid 
inpb wMwut altomiiM for caiNrol, rl|lit4iHid gnirti 
with allowanee for control, 
from PeUkarpov, 196$.) 



that at 10-"' Ci liter '°Sr-'«Y. the rate of development of 
the egg was the same as the control up to the stage of one- 
Mrd devdopment of the yolk nc. Subsequently, the rate of 
devoliipment in the contarriiiuited ,i(|Uaria was nuni.- -.ipid 
than in the control. However, the mortality and number of 
defonnttlei did not differ from thoie of the controh. At 
10"' and 10"* Ci/litcr, the rate of development was the 
same as that observed in the 10~'^ Ci/liter experiment. Mor- 
tality and deformities were increased only at the higher level 

of radioactivity. 

Studies by Kulikov e/ a/. (1 966) of the effects of '^Sr- 
*<>Y 00 the development of tiie eggs of the freAwater mol- 
VacXJnrniuastagmilii L. show that morphological abnor- 
maUlics, deby in development, and mortality were signiii- 
cant only at ooneentntlons greater dm Ci^iter. 

Nelson (1968) stuJii-d the ctTecis of radioniR-lidcs on 
Pacific oyster larvae, Crassostrea gigas. The larvae were 
reared for 48 hr foUowir^ spawning in seawater contafaiing 
either ^"^Zn ""Cr or '"Sr-'^Y. TTie Concentrations of each 
radionuclide range from 10-^ Ci/liter to 1(H Ci/liter. Sig- 
nificant ineieaaes in abnormal larvae were detectable at the 
following minimal concentrations: *'Zn (carrier free), 
10^ Ci/liter; *'Cr. 10-* Ci/Uter; »''Sr-»°Y, 10"^ Ci/liter. 

The effects of tiitiated seawater on the gevminatloa of 

the asexually produced spores o'i Padina japonica have been 
Studied. A reduced percentage of germination was observed 
in dioee subjected to a eoacentiatioa of tritium of 3 X 1(H 
Ci/liter. This concentration of tritium also had a marked ef- 
fect on the subsequent growth of the embryos, causing a 
decrease in die number and length of the diizaids as wen tt 

in the number of cells in the multicellubr fOanWOtOUS 
thaUus (Buggeln and lield. 1968). 

AU of these Studies have assessed radiatioa effects in 
terms of observable gross effects. Ivanov (1*^67) has con- 
sidered more sensitive parameters and reports on tiie effects 
of M&.ee Yin leawater on the mitotk activity ndprodiw- 
tioo of chromosome abenations on the dividing ceUs of eggs 



of the Black Sea icotpxmVKh Scurpaena porans. .-Xs the con- 
centration increased from 10-'° Ci/liter to 10"^ Ci/liter. the 
mitotic activity of the cells decreased. At the same time, the 
percentage of chromosome aberrations increased, with sta- 
tistical significance wlieo the concentration exceeded lO-' 
Cl/Uter. The types of aberrations were varied, with chromo- 
somal and chromadJ bridges and fragments observed most 
frequently. At the highest concentratioiu, abnormal mitoses 
were observed. 

Experin;ental data concerning', tlie radiatinn effects on 
developing embryos maintained under laboratory conditions 
in oootamfaiated media are oonflictfaig. In all these studies, 

the embryos were maintained under highly artificial condi- 
tions in the laboratory, including artificial fertilization. The 
developmental temperatures varied with species and experi- 
ments, ranging from G^C to 24°C. In some experiments, 
antibiotics were used to reduce bacterial contamination. In 
addition, experimental incubation containen varied in ca- 
pacity from 60-ml petri dishes to 40-Iitcr plastic containers, 
with experimental lots ranging from 30 to thousands of in- 
dWiduab. The sucoessfU maintenance of marine eggs and 
embryos under controlled environmental conditions is yet 
to be developed for ntany marine organisms, in addition, 
more data are required oo die effects of other environ* 
mental parameters befbre slgnlflcaat radiation effects can 
be demonstrated. 

Of particular signifleanoe fai the work from the Soviet 
Union is the unique concentration effect response 
(Polikaxpov, 1966). An increase in concentration of '"Sr- 
*BY of Six Olden of magnitude (2 X lO-** to 2 X i(H Ci/ 

liter) no more than triples the abnormality production rate 
(F^n 3), and increases mortality only fivefold. If the ra- 
diation doee receWvd by the developing egga is pioportioaal 

to the concentration and all oiher factors arc equal, one 

would expect a more marked dose-effect response. The re- 
sults ate IncooBiitant with the Uiiaar hypiMhaiis of doae re- 
sponse as well as with data from many radiobiologlea] and 



Copyrighted matBrial 



228 



Rt^oQctivfty kt the Utarint Enrtnmmnt 



TABLE 3 Mortality, Growth, and Radkmudide Concen- 
tration in Chin'u>k Salmon, Oncarhvnchiis tihawytsdu. 
Reared under Various Reactor Effluent Conditions, 
December 196S-ApTil 1966" 



Tteatment 

groups^ 

(%«fllucnt) 


%Moniliiy 
(Sfflo) 


<g> 


(pO/g wet neii 


m 

•'Zn 


0 


IS 


0.10 


77 19 


6.8 


2 


10 


0J2 


750 38 


20 


4 


13 


IjOS 


1J90 53 


36 


« 


13 


1.20 


2,210 C5 


45 



"Afler OUon (1967). 

IMM 1,000 flib tn aach imhp. 



toxicological investigations. Aithaug)i oui knowledge ot the 
dose-effect response at low levels of irradiation is limited, 

present knowledge suggests that perhaps factors other than 
radiation need to be considered and evaluated. 

The biological effects of the effluent from production 
r<';n !('rs y| ilie Haiiford plant have been monitored for more 
tlian 2U years by rearing salmonids in diluted ellluent. The 
three main Factors in Hanford reactor effluent oonaidefed to 
have a potential etfcit arc the thermal increment, radioac- 
tivity, and chemical toxicity, the last from the hexavalent 
chromium used as a corrosion inhibitor (Olson and Nakatani, 
1965; Nakatani and Foster 1P66:Olsim 1967). 

Fleshly fertilized eggs ot salmonids have been incubated, 
and the fish reared in various concentrations of effluent 
until they reached migrant-sized tlnpcrlings. The mortality, 
growth rate, and radionuclide coiiceniration in chinook 
salmon reared under various effluent concentrations for 
5 months during the 1965-1966 season are shown in 
Table 3. No significant lethality occurred in an effluent 
concentration ofS percent, far above the existing levels in 
the river. The concentrations in the fish of the three gamma 
emitters, ^*Na, *'Cr, and *^Zn, are approximately piopor- 
tional to the effluent concentration. The body burdens at 
these levels have produced no demonstmUe damage in 
chinook salmon. 



Internal Emitters 

Hie effiects on rainbow trout, Sdbno gaMneri, of ingestion 

of some biologically important radionuclides have been 
studied. Yearling trout were force-fed radionuclides in cap- 
side form over extended periods to determine what quantity 
of radioniiclides must be tanested to produce ndlation syn- 



drome and damage. AH of these experiments used very high 

levels of radionuclides, which would not normally be ex- 
perienced in a contaminated aquatic environment, as the 
controlled disposal of radionudides is limited to lower levels 

by man's use of the environment. H'.i'.vever, !he data from 
these mgcstion experiments help to keep observations of the 
body burdens of radioactivi^ in fidd-contandnated flah in 
proper perspective with respect to potentid mdlation dam- 
age in t ish in general. 

In a series of feeding experfaneots, dther "P, ••Sr-'^Y, 
or '"'Zn was fed daily to rainbow trout at levels from 0.005 
idiC'i/g/tish to high levels of about 10 ^C'l/g/ilsh (Watson et 
al., 1959; Nakatani and Foster, 1 963; Nakatani. 1966). 
Table 4 siimmarizics the results. The hcmaiopoictic tissues 
of trout were found to be the most radiosensitive, as in 
mammals. Leukopenia wuan eaily indicator of radiatkm 
damage following the ingestion of beta-emitting ■'^Por 
'^Sr-*^Y and gamma-emitting ^^Zn. Depression of growth 
also indicated ndlation damage for the rapidly growing 

yearlini! iroMl. The radiation syndrome, including leuko- 
penia, anorexia, loss of scales, lethargy, and growth depres- 
sion, was very pronomiced for fiA fed P at the higher 
levels and to a lesser extent for fish fed *''Sr-'°Y. Because 
much of the energy from the gamma-emitting ^^Zn is not 
abaoibed, trout were able to Ingest without obseivdile ef- 
fect much higher levels of '^^Zn than of '^P or '"Sr-'^Y on 
a ^Ci/g/fish basis. In addition to the differences in the ra- 
diatkm duracteristies of the isotopes, the rates at which the 
fish metabolize and the deposition sites for each radionu- 
clide dso differ, although all three are "bone-seekers." 
Colttmbia RJver flab captured bi the Hanford environs 

contain tnull amounts of virtu,illy all of the radinnudides 

present in the water, but the only nuclides that accumulate 
in the flah flesh in significant amounts are ''Pand ''Zn 
(Foster and Soldat, 1966). In 1965. the average concentra- 
tion in muscle tissue of whitefish, Frosopum wiUiamsoni, 
was 200 pCl/g and 27 pCi/g for ^P and **Zn, respeethrely. 
Substantia! scasnna! variations may occur, with a tenfold 
difference tor ^^P and a fourfold difference for ^^Zn. in 
terms of ndiatkm damage to fish, however, the ooncentra- 
tions are far below those levels for which demonstrable 
damage to fish can be expected. Laboratory trout with a 
body burden of *'Zn 10,000 times greater than that of river 
fish showed no detrimental effects. Similarly, trout with a 
body burden of '^^P 100 times greater than that of river fish 
diowed no effect, dthough leukopenia occurred if the body 
burden was 1 ,000 times greater. 

The determination of the actital dose absorbed by or- 
ganisms and tissues is fundamental to the assessment of the 
potential effects of radiation in aquatic studies. Such deter- 
minations have been reported m only a few studies, however. 

Although no dosimetric meaauiemants wen made for 
nfaibow trout fed **Zn, Erickaoa (1966) calculated the 
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dose from data on body burdens of serially killed fish fed 
**Zn daily over a period of 16-18 weeks. He estimated a 
total absorbed dose of 25 R for trout fed 0.01 juCi/g of 
body weight and 1,200 R for trout fed l.OnC\lg. Watson 
(1959) also calculated a dose to the bone, gut, and 
muscle of approximately 6,000 R. 1 .600 R, and 800 R, 
respectively, in trout fed 0.06 mCi of '-P/g daily for 17 
weeks. At this level, the growth rate ot ttie fish was reduced. 
No deaths were attributable to radiation daniage, and there 
appeared to be an increase in growth rate after cessation of 
isotope feeding. 
In sonK of the experiments involviDg chrofuc doHfM to 



marine fish eggs, absorbed doses were measured and calcu- 
lated (Table 5) (V. M. Brown, 1962; Brown and Templeton, 
1964). Absorbed doses calculated for anchovy eggs from the 
basic data of Polikarpov and Ivaiiov (1962) indicate that at 
the concentration where abnormalities become significant 
(10-'" Ci/litet), the dose absorbed was 0.16 inR/day. The 
total duse accumulated by the eggs was the same, since the 
period from fertilization to hatclting was2&-24 hr. Tlie cal* 
culated dose rate from the '^^'K in the seawater and in the 
egg was about 0.02 mR/day. However, consideration must 
also be given to the additional background dose within the 
labontoiy. which would be about 0.3 mRyday, or approxi- 



TABLE 4 EfTecl of Chronic Ingestion of "P. '*°St-'"*\, or ''^Zn on Yearling Rainbow Trout ^mogairdnmf 
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'Aftar WalaenMA 0*i*>i NakaUni uid Foctcr (I96i); Nakaunt (1966). 



TABLE S Calculated and Menured Radiation Dose Rates from Cootaminatsd Media to Fish Bsi> under Experimental 

Conditions^ 



Fiih 


Concentration 
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Nuclide 


Water 
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RaOBeorDoia 
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nutely twice that calculated to be delfvered to the egg from 

the '"Sr-'oy. 

Calculations of the dose rates from radionuclides ab- 
•orbed by or adsorbed on the organism hi flie laboratory 
and in the natural environment are difficult to compute ac- 
curately for several reasons. The radionuclide is not uni* 
formly distributed throughout the organisms or even 
throughout the volume of a single organ or cell. One organ 
or tissue may contribute to the dote of an adjacent organ, 
the concentration may change with time, and the structures 
of organisms are of varying size and shape. A further com- 
plexity is the wide variation in the energy of the emissions. 
Calculations for the aasetsment of the doae to fidi eggs aiB- 
ing from immersion in contaminated seawater have been 
developed by Fedorov (1965) and Adams (1968). 

A major advance in the determination of dose is the de- 
velopment oftiNrmohnninescent dosimeters (TLD's). ThtM 
doeiroeters are commercially available in a variety of forms, 
most commonly as UF powder in sachets or as LiF extru- 
sions. The lower limits of detection in routine use are of the 
order of 20 mR, with an error of about 10 percent, and the 
techniques are rapidly being improved. The snudi size of the 
doaimeten aUows them to be conveniently emplaced on or 
in living organisms to provide the best practical means of 
direct measuiemant of the radiation dose received by the 
organisms hi their natural habitat. Tlieae dosiineters can also 
be used to measiie the ladhition dose hi aedfanents directly, 
and th^ can be used in water with hiexpensive buoyUne- 
anchor support systems. 

The performanee of TUys is very good. They are little 
affected by wide variations hi environmental conditions and 
can therefore be k i t unattended for long periods. They are 
nearly energy-independent over a wide range of energies and 
can be reused. 

The principal limitations of TLD's, howevCf, are the same 
as those of other dosimeters that measure accumulated 
dose-only the total dose can be deiennbied without knowl- 
edge of the rate at any time during aaqpoiure period or 
of dte radionuclides contributing to the doae. 

Thermoluminesoent docfaneters have been successfldly 
used to measure the dose to fish in the Windscalc area (Min- 
istry of Agriculture, Fisheries and Food, 1967, 1968) and to 
aquatic organisms of the Columbia River in the vicinity of 
the Hanford Works (Watson, personal communication). 
Tests of TLD's in the tropical marine environment using a 
^o source bidicate that 0.7-MeV gamma emitters at con- 
centrations of approximately 10~' ;jCi/ml in seawater could 
be detected after 48 hi exposures (Baltzo and iield, 1968). 
It should be expected that the results of more such studies, 
relating corKcntratiun to radiation dose In the aquatic en- 
vironment, will appear in the Uterature. 

With the wider application of this technique, the results 
of experimental studies and field studies, and. it is hoped, 
of the predictions of effect, will become more meaningful 
hi the future. 



INFLUENCE OF ENVIRONMENTAL 
FACTORS ON RADIATION EFFECTS 

The potential ecological biteraetions and the assessment of 
the radiosensitlvity of marine ecosystems have been dis- 
cuiaed bi a ptevtous chapter. The influence of two major en- 
vironmental factors-temperature and sallnity-on ladiatton 

effects on marine organisms will be briefly reviewed here. 
The effect of oxygen on radiosensitivity of organisms has 
been studied extensively (Bacq and Alexander, 1961 ) and 
will not be reviewed here. The literature shows little experi- 
mental work on the interactions of temperature and salinity 
with radiation efTeets, but research Into this subject be- 
comes increasingly important with greater use of nuclear 
energy to meet nun's needs for power and for fresli water 
from the sea. Nuclear power and desalination plants imply 
not only sumo release of radioactive materials tO the SSa but 
also release of heat and highly saline water. 

As the metabolism of poOcilotherms Is dependent on 

temperature, it is easy to understand the greater radiosensi- 
tivity observed followiiig elevation of the temperature dur- 
ing or after radiation exposure. After exposure to 28,(XX) R, 
fecundity of a freshwater snail, /'/rvsa aatta, was reduced to 
30 percent of that of the control snails in 20°C water and to 
12 percent in 3(f C water (Ravera, 1966). The hatchabillty 
ofArtemia eggs exposed to irradiation by x rays was signifi- 
cantly reduced in warm water, but when cooler water was 
used, no significant reduction occurred (Iwasaki, 1964; 
Cervini and GiaveUi, 1965). Goldfish. Caraisius auraius, ex- 
posed to 8,000 R all died within 10 days when maintained 
at 22*0, but sfanilarly hxadfalted fish survived for more than 
1 00 days at 4'C (Hyodo. 1965). Gros et al. ( 1 958) postu- 
lated that low temperatures (7°C) would protect the crucian 
cup, CmaHuaeam^, against radiation damage and that 
radiation, on the other hand, would protect the fish agtinst 
cold by lovnsring the thermal tolerance. 

White er fl/. ( 1 967 ) reported on the combined effects of 
ionizing radiation, salinity, and temperature on the estuarine 
BahFundulusheterocHtus. In a factorial experiment, fish 
were subjected to four levels of acute radiation (SCO. 1 ,000, 
2,000, and 2,500 rads), three levels of salinity (5, 15. and 
25°/^), and four levels of temperature (12°, 17°, 22°, and 
27"C). They found that different combinations of levels of 
temperature and salinity yield different LDjq values. The 
eithnated LDjg values for different experimental conditions 
ranged from 300-350 rads to more than 2,500 rads. The 
signiflcanoe of the experiments is the demonstration of the 
Importance of the environmental factors on the radiosensi- 
tivity of aquatic organisms. In other words, the effects of 
radiation on aquatic organisms can be evaluated only along 
with the effects of other major environmental factors. 

The taivestigations by Egami and Etoh ( 1 966) and Etoh 
and Lgami (1967) of the effect of temperature on the rate 
of damage accumulation and recovery in tlie fish Oryzm 
latipet showed that the processes of recovery from damage 
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induced by external irradiations (x rays or "'^Co y rays) are 
active to some extent at 23'C but remain almost undevel- 
oped at I I'C. For poikilothcrms. it seems likely that low 
temperature not only delays the development of radiation- 
induced damagt but alao deeraaaei th« rate of lecmmry 
(Egami eial.. 1967). 

Fisii with body burdens of '°Sr and '^U were subjected 
to thennal diock of 13i*C from an aocUmation temperature 

of 25°C. These body burdens did not impair their ability to 
withstand lethal temperatures. Indeed, there was an indica- 
tion ttat their aurvfval time waa inereaaed. The approximate 

tieta dose to the hone and thyroid tissues was calculated for 
the fish conlainmg maximum concentrations of ^"Sr and 
'^U. These were found to be at least 10* rads to bone tbnie 
and 10* rads to thyroid tissues (Ophel and Judd. I966X 
Blaylock and Mitchell (1969) determined that teropentuie 
was an important factor In the LDjo/m Gunteste t^- 
finia affinis. since a difference doufy S'C lesolted in a sig- 
nificantly different LD^q^^. 

Few experiroental data aie available to explain how tem- 
perature, salinity, and other physicochemical en^-ironmental 
factors interact to affect the radiosensitivity of different 
aquatic ocguisins. It is recognized, however, that aU oige* 
nisms in nature h;ive ;ilw;!y<; been subiect to different environ- 
mental stresses, including radiation, m varying degrees. The 
possibilities for damage to aquatic organisms will most prob- 
ably arise through the combination and interaction of dif- 
ferent cnvironmenlal factors, since survival is rarely depen- 
dent 00 a single environmental fiutor. 



BEHAVIOR AND METABOLIC STIMULATION 

Scattered reports deacrtbe the uie of behavioral criteria to 

determine the effects of radiation on aquatic organisms. 
These studies suggest that aquatic organisms apparently de* 
tact ionizing radiation, although the receptors have not been 
identified. In experiments with fish, particularly for high 
levels of external radiation, it has not been esublished 
whether the fish are responding directly to a radiation 
source or indirectly to induced products of water hydndyill. 
O'Brien and Fij|ihara (1963) observed that larvae of the 
frediwater dchlid fUbAequidens portalegrensb became hy- 
peractive during x-ny Irradiation. Doses of SO R stimulated 
activity, and larvae ranuined active for 90 minutes after ir- 
radiation. These larvae are not normdly frefr«wimmlng but 
remain in clumps on the bottom. O'Brien and Fujihara also 
observed the influence of a '^^Cs source In the water, emi^ 
tinglesstfianSradtperhouratadlMancaof 1 in., on the 
behavior of 2-day-old dchlid larvae. The control larvae were 
scattered randomly around a sham aoufca, but the experi- 
mental larvae avoided a ^Cs aouiea. Piavdina ( 1 96S) re- 
ports that carp avoided x-iay louiOM providing a doaa rate 
of 2.5 rad/min. 

Hyperactivity in Hihhai alio been reported by 



Scarborough and Addison (1962). They observed definite 
periods of hyperactivity in the golden shiner, Notemigonus 
crysoleucat during irradiation at doses of "' ^OO-l ,«.000-R 
X rays given lor periods of 6-12 min. Tsypui and Kiiolodov 
(1964) used r rays from ^*>Co at a doie rate of 0.1-O.S red/ 
sec for a duration of 5-10 sec as a conditioned stimulus, and 
they used electric shock as the unconditioned stimulus on 
fish. Pour of thirteen triab resulted in a motor response to 
the 7 rays .ilone A modificatinn nf ihe locomotor orienta- 
tion of ihc turbcliariau Dugcsta durutuccphala has been re- 
ported under low-level chronic irradiation in the range 
26pR/hr to 240^R/hr (Brown. 1962; Brown and Park, 
1964). Field ci al. (1964) compared the swimming activity 
of rainbow trout tagged with 16<^Ci *®Co wire tags and 
with nonradioactive tags. Tests made 1 6 h(»urs after tag- 
ging showed a significantly lughcr swiinniing activity in 
^''CO'tagggd fish, which persisted for at least 26 hours. 

Apparent stimulation of growth by radiation in aquatic 
organisms is reported lor pcriphyton. certain marine inver- 
tebrates, young blue crabs, and rainbow trout. The growth 
of periphyton during S months in aquaria containing! inixcd 
fission products (3 XI 0~* to 6X10~'' Ci/liter) resulted in a 
greater biomass and greater species diversity than in control 
aquaria (Timofeyeva-Resovskaya, 1958). Glass plates with 
'"Y on the surface at a concentration of 3.3 Ci/cm^, with 
a calculated surface dose of 40 rads/day , exposed io the tea, 
enhanced the development of barnacles, bryozoans. calcare- 
ous worms, and small mussels (Dolgopolskaya et al., 1959). 

Engel (1967) reports that exposure of young blue crabs, 
Callinectes sapidus, to '°Co at 3.2 rads/hr re.sulted in sig- 
nificantly more rapid growth than that of crabs irradiated at 
7.3 and 29.0 rads/hr or of coBtlol cnba. Staoe molting is as- 
sociated with growth, the percentage increase in width of 
molted carapaces was monitored; it was found to be related 
to the radiation dose rate. Crabs receiving 29.0 rads/hr, the 
iiighest dose rate, had the smallest percentage of inaease in 
carapace width, and those that received 3.2 rads/hr had the 
largest increase in width, compared with the control crabs. 

Metabolic activity of salmon (So/mo solar) eggs and fry 
was increased by the presence of '^''Cs at a concentration 
of I /:;ri,'liter. Oxygen consumption increased gradually 
throughout development and was always higher in the 
i''Cs4reated eggs than in the controls. Upon hatching of 
theeggv, the oxygen consumption increased by SO percent 
in the controls and 200 percent in the treated aquaria 
(Neustroev and Podymalchin, 1966b). Although insufficient 
replicate groups were maintained to provide a rigorous sta- 
tistical teat, rainbow trout fed 0.01, 0.1, and 1 .0 ^Ci "Znig 
of fish daily for 1 7 weeks sliowed mose rapid growth than 
the control group (Nakalani, 1966). 

Other examples of posiil>le ttbnulation of organisms by 
radiation under laboratory oooditioos can be found; how^ 
ever, little or no knowledge exists about eitlier the mecha- 
nisms involved or the significance of radiation as a possible 
stimulus to hidividualt, populations, or ecosystems. 
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RADIATION EFFECTS ON POPULATIONS 

Ultimately, we are concerned with radiation effects on 

populations and ecosystems in the marine environment 
father than with the demise of individuals. Marshall's (1962) 
work with Daphnbi is indicative of a line study that is par- 
ticularly significant. He investigated tlic elTct ts of gamma 
radiation on the intrinsic rate of natural increase, r. The 
dose rates used ranged from 25 to 75 R/hr, and the cultures 
were exposed for about 19 hr/day. 

Reproduction was entirely parthenogenelic. There was a 
continuous decrease of r as a nonlinear lunction of the dote 

rate (Figure 4). The decrease was almost entirely caused by 
a falling birth rate, which in (urn resulted from direct ef- 
fects of radiation on the ovaries. Average life-span was not 
greatly shortened, even at the highest dose (Figure 5). Inter- 
estingly, growth in length of individuals increased with in- 
creasing do« rate, which was toterpieted as due to the uti- 
ligation for growth of energy ocdiiiufly ^lent in egg pro- 
duction. 

Grosch (1962, 1966) followed the reproductive capacity 
of mass cultures ofArtemia for 8 years. Cultures were re- 
peatedly contaminated with sublethal amounts of ^^Zn or 
{-^-30 pCi/liter). Hie foOowing are wme of Groaeh't 
canduaiam: 

Although the number of adults seen in mass cultures may be 

equivalent, subcultures of control and experimental strains 
a-act differently to radioisotope additions. Strains de- 
scended from ancestors exposed to do not necessarily 
sursive a second dose even though total dosage does not ex- 
ceed the extinction dose given as a single addition. A period 
of recovery involving generations must intervene. Most no- 
table is the consistent demonstration thai the number of 
adults can be identical in different maas cultures, but that 
the rcpfoduetive potential of populatlom with different an- 
cestral hiatorie* diffeia cooaideraUy. On the basis of pair 



mating tests, mainlenancc of mass cultures at an observed 
level of 300 adults per three liters requires only 0.2% of 
the reproductive potential of controls. Cultures of experi- 
mental origin utilize 1 % or man of tlieir potential to niai»' 
tain dw same totaL 

Gcoaeh has a detailed discussion ht whkh be compiiei his 
conclusions witfi those derived from Dnaopfub populations 

(Wallace, 105^) and Trih'hum Crreiisli.iw, l<^)6'"i). which 
showed increased genetic fitness following ilie irradiation of 
inbred strains. 



ENVIRONMENTAL STUDIES 
Pacific Proving Groumb 

The first large^eale bitroduetion of man-made radionuclides 

into a marine environment was at Bikini Atoll in 1946. Two 
20-kiloton devices were detonated, the fust an air bunt and 
the second an underwater detonation hi the 250-nu^ lagoon, 
which has ni:ixtmi:ni depth of about 60 m. In succeedtTu; 
years, through and including 19S8, Bikini and Entwetok be- 
came the Pacific Pravfaig Ground. During that time, nuclear 
and thermonuclear devices with a total yield of many mega- 
tons were detonated at the atolls. Certainly, these atolls rep- 
resent the most radioaethrely contaminated marine environ- 
ment in the world, as far as is known from public announce- 
ments. And yei today, more than 23 years since the initial 
contamination of the atoOs, a statement by Schultz in a 
1947 report on the nhserved hinlogica! effects of the nuclear 
weapon test "Operation C rossroads'" slili holds true: 

Undoubtedly, countleaa animal individuals have perished at 
Bikini because of the itooije bomb expniflients and still 
othea may perish. But, this destructiim of life ui a lange 
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atoli like Bikini amounts to only an extreniL-ly small per- 
centage of the total animal life. The overall picture of life 
on the reefs has changed liltle hecauM: beneath this surface 
layer, and from extensive adjoining unaffected areas, indi- 
viduals have come forth to repopulate and occupy the reefs. 
The piKHUie of populatioB from all sides into the daoMfed 
aien isvery great and aeon replaces the kMie& Thus, natme 
liegiiis the repopulatioD cycle, and, if fiveii tuffideat dme, 
the wounded reefs will be cleaiued of their contamination, 
biological equilibrium will be reached; and life will establlih 
itself as in past millenniums similar to that before man l» 
leased the greatest destructive force in his history. 

It is inconceivable that there were no radiation effects at 
the test sites. Evidently, where the prumpi radiation at the 
moment of detonation was sufficiently intense to produce 
immediate visible effects, the concomitant effects of blast 
and heat virtually eliminiiad the populations. FUtthermoie, 
those individuals suffering sufficient injury from the residtial 
radiation to be readily recognized are soon eliminated. In 
other words, gross laiflation injury in marine organisms has 
not been seen at Bikini and Eniwetok because seriously In- 
jured individuals do not survive the natural rigors of the en- 
vironment, and the more subtle Injuries are exceedingly 
dllficult to detect. 

Bikini and Eniwetok were intensively studied before and 
following the test series (Revelle, 1954; Mines, 1 962), in- 
cluding extensive studies offish (Schultzff al., 1953, 1960; 
Matt and Strassburg, 1960; Welander, 1957; Welander etal., 
I967X corals (Wells, 1954), and algae (Taylor. 1950; 
Dawson, 1957), and yet in none of the reports on marine 
organisms is there reference to anomalous individuals. 

However, Gorbman and James ( 1 963) studied the thy* 
roid histologically and observed thyroid tissue damage in 
fish collected at Eniwetok AtoU 30 days to 8 months fol- 
lowing nuclear detonations. Ahhoof^ no ladioiodine was 
detectable in the fish at the time of examination, it seetns 
clear from indirect evidence that the observed anomalies 
were caused by radloiodhie. BHnks (1952) examined physi- 
ologica] functions of ;essile algae at Bikini a year after the 
fust atomic tests; at that time, the dose rate was estimated 
to average 20 to 30 mR/day. He concluded that there was 
''no Dotkaabia altetatloo of many noraul aomatk 
functiooB." 

The land plants and animals were subjected to greater in* 

tensities of radiation both from external sources and from 
internally deposited radionuclides, but even here, lasting ef- 
fects of radiation on populations or on the ecosystem are 

not apparent. 

Jackson ( 1 967) has reconstructed the story of the sur- 
vival of rat populations at &iiwetok AtoU. Bngebi Islet, 
with an area of 260 acres, was subjected to radiation in 
1948, 1952, 1954, 19S6, and 1958. The accumulated dose 
a year after oontammation vn» 44 R (1948), 1 1 .000 R 
(1952), and n S R ( 1 ^54). Prior to the nuclear tests, prob- 
ably only the Polynesian rat (Jiattus exulans) wu present at 
Engebi, but early in the testhig period the loof tat 0t 



ra/fus) was un intention ally introduced. The former makes 
a nest under surface vegetation and debris, while the roof 
rat often burrows. Rats were killed following the detona- 
tioiu m 1948, 19S2, and 1954, but a sufficient number of 
Individuals sunfved to rMstaUidi the popidatioo. In sum- 
maiy, Jackson states: 

The tniwetok story is made difficult by taxonomic confu- 
sion and lack of specimens. At best, a hypothetical recon- 
struction can be attempted. Early in the test program at 
EnfBbi Islet, the Polynesian rat (Rattiu exulans} was exteF> 
minated, probably by heavy nifaoe ndiatiOB. Prior to the 
detonation of a thermonuclear detonation in 1952 ( 14 
megatons detonated approximately 3 mi from Engcbi), the 
roof rat (R rj;iir: ) lui.; become established on tngebKand 
a nucleus surv ived ilic heavy initial radiation by being deep 
in burrows. Calculations show that repopulatinn by 1954 
and 1955 was theoretically possible. The decUne of the 
Engebi rat population from its high density in the mid-fiftieB 
was a result, probably, of a change in the carrying capacity 
of the environment. 

Cole (1951) reported that the insects of Bikini were 
studied for structural anomalies in 1947 and that none were 
found. He further stated that "continuing studies mI v<> 
phik cultures, taken in the Ihring form at Bikini Island, have 
not thus far [1947-1951] revealed genetic abnormalities in 
excess of normal variability." However, more detailed 
studies following furtlier contamination did reveal probable 
genetic effects In DroK^tkOt. Stone and his co-workers 
(Stone <"/ a/., 1957;Stone and Wilson, 1958, l959;Stone 
et a/.. 1962) made extensive genetic studies of wild popula- 
tions of DrtnofMbt subfected to fallout in 1954 at Hkini, 
Rongelap, and Rongerik .Atolls, comparing them with popu- 
lations of uncontaminated islands. The estimated gamma 
dose to the Bildni Drott^fhUa population was 3,000-8,000 
R, but the absorbed dose is not known. Tlie conclusion was 
reached that the genetic load of detrimental and lethal fac- 
ton of the irradiated DrosopMla populations had been in- 
creased but was returning to a normal rarige. Tliese tests 
were possible only because of the extensive and sophisti- 
cated genetic techniques for DroMph^. Similar established 
techniques are not now available for the marine organisms; 
hence, we can only speculate that tl»y, too, might have had 
an increased deleterious genetic load but have recovered or 
are continuing to lecover, 

Rongelap Atoll was heavily contaminated with radioac- 
tive fUlout in I9S4 (Qasstone, 1962: Donning, 1957). 
From observations in 19.^6, Foshcrg (l^^SPa and b) de- 
scribed the condition of plants at islets where the integrated 
dose was approximately 3.360 R. He suggested thst the 

situation obser^'ed might be primarily due (o the radiation. 
Held (1963a), following furtlier studies at Rongelap, sug- 
gested that otiier environmental factors might be more im- 
portant than radiation in this case. Tlic question is not re- 
solved, nor is it likely to be without controlled experiments 
with the species invdved under vnying conditions. 
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In a more intensive study, Pfelumbo (1 962) documented 

the rCi-'itvery i^l land plants at a site 2'^: miles Trom a multi- 
niegaton detonation at bniwciok. Tlie vegetation was de- 
strayed by heat and blast, and the ettimated external dose 
to the vegetation was 400 R in 200 days. Palumbo noted 
thai regrowth of the vegetation occurred in 6 months and 
described two minor anomalies. Pdumbo discusses many of 
the factors influencing plant growth in the island environ- 
ment and reviews the anomalies in plants reported by others 
at the test cite and \n other areas of the Central Pacific. He 
points out that similar anomalies have been observed in 
areas of heavy fallout and in uncontarainated areas. Again, 
there can be no doubt that there was damage and even the 
destruction of individual plants by radiation: but the spe- 
cific examples of damage or killing caused by radiation or 
by other factors, or in combhiation with other factors, can- 

not be sorted out. The important point is that although ilV 
dividuals niay be debilitated or destroyed, the ecoffyatem 
recovers. 

Tlie 'jnd dwelling hermit crab, Coenobila sp., and coco- 
nut crab, liirgus latro, are subject to higher levels of chrome 
radiation from internally deposited radionuclides than any 
other organism studied at the atolls. The levels of ^"Sr and 
'^''Cs were found to remain virtually constant at 4,500 pCi 
of per gram of skeleton and 4S0 pCi of '^''Cs per gram 
of muscle in Coenobila sp. at Enhvetok om a period of two 
yeais(Held, 1960). 

ntrallel studies of Krgus sp. at Rongelap Atoll showed 
that the crabs contained more than 700 pCi '"Sr per gram 
of skeleton and 1 00 pCi ol ' -'^Cs per gram of muscle over a 
period of 10 years, 1954-1963. No gross anomalies were 
noted among these crabs, and no obvious population 
changes were noted during this fallout period; however, 
population studies as such were not made. 

Observations at Bikini Atoll in 19M (Welander t'f a/., 
19b7> showed that vegetation nearly covered the islet in a 
mass that was impenetrable without cutting. The vegetation, 
exclusive of roots, taken from an area 10 m in diameter in a 
Scaevola sp. community in 1967 yielded 108 kg/hectare 
(wet we^t), and no groas anomalies were seen on the islet 
(Held. 1967, unpublished field notes). The abundance and 
size of fish and ot spiny lobsters and coconut crabs at bikini 
Atoll appear to be greater than ever, which does not, of 
course, reflect a beneficial effect of radiation but presum* 
abiy results trom the absence of predation by man. 



Irish Sea 

Apart from the Pacific Proving Grounds, Ihc Irish Sea 
coastal area adgacaat to the Windaeale lepioceaiing pfaunt of 
the United Kingdom Atomic Energy Authority probably 
represents the most important area known with respect to 



dw degree of contamfaiation bi the marine envlronmeot 

(Mauchline and Tcmplcfon, 1964). 

Studies of the relationships between radionuclides and 
man have been of prime hnpoiiance; some studies, thou||i 
limited, have considered effects of radiation in the cnvir ni- 
nKnt. Morgan (1960) reported that effects of radiation had 
been sou^t hi plaioe (fkunmeetes pktesaa) caught in the 
region of the Windscale discharge, but none has been estab- 
lished so far. The area, which had been carefully surveyed 
before and after discharges began, showed that there were 
no changes in but tom organisms that could be ascribed to 
the effects of the discharge. 

Calculations (Dunster etd., 1964) of the external radi- 
ation dose rate to benthic organisms that would result if the 
seabed were at the derived working limit of 0. 1 ^Ci/g total 
beta activity are about 45 mR/hi, or 1 R/dqr, mainly of 
beta radiation. 

in a series of experiments concerned with the uptake by 
phice eggs oi six radionuclides. •*Sf, »*»Cb, >^Ce, '""Ru, 
**Y, and "'^Nb, data were obtained on the rates of ac- 
cumulation and concentration factors (Woodhead, 1970). 
The concentration of these radionudides hi the egg can now 
be calculated for any concentration of the radionuclides in 
seawiter to which they may be exposed. Tenutive conclu- 
sions have been drawn that the doae rate to the eggs of 
plaice from the contaminant activity in the spawning areas 
off St. Bees Head, near Windscale, was 9.1 X 10"^ ;irad/hr 
compared with 7.0 X 10^^ jwid/hr from the natural in 
the seawater. 

Studies have also been made of the radiation doae le- 
cened by fish in the Windscale discharge area (Ministry of 

Agriculture, Fisheries and Food, The plaice, Pleuw- 

nectesphtessa, is a seabed resident and is known to spend 
its early life, up to the begbmbig of its third year, indroie. 
Cn! jMiations were made of the potential dose that a fish 
could receive on the basis of data from measurements of 
seawater. aeabed, and the fish th em se lv e a over the previous 
? vears at a point 2 miles south of the outfall and 1 miles 
otishorc from the pipeUnc. The radionucUdes '^^Cs, '^Ru, 
**Zrf**Vb, and *«Sr were consMered, shioe these 
represent the major contributions to dose in terms of the 
various known factors of concentration in the major seg- 
ments of the environment. In the calculations, allowance 
was made for Hsh movement and type of liottom, and these 
indicated that an annual dose of 7.3 rads could be accumu- 
lated, with most of the dose contributed by the seabed 
(Woodhead, 1968 personal communication). The seawater 
and internal radionuclides would only contribute about 
1 percent of the total expected dose (Table 6). The annua] 
dose migfit increase to 40-50 rads if the fish spent the 
whole year close to the pipeline outlet on a silty bottom. 

This calcubition suggested that the use of thermolumi' 
nescent dosimetry was warranted, and 2,500 marked plaice 
were released in the vicinity of the outfall in 19b7 (Mimstry 
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TABLE b Lslunates of Duse Rales to Plaice from Fission 
Products at Windicato" 



Type or 

Soun Ridtatiaii ■B/wwk 
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0.01 




9 


aoi 


SMbcd 


T 


4M 






91A 


Radionuclides in muicte 


f 


0.013 




0 


0.057 






140.3* 



Oak Creek and White Oak Lake at Uak Kidgc National Lab* 
oiatoiy, were analyzed for S years for chromamnal ab«^ 

rations (Blaylock. U>^.6) r;ilcu!atinr;<. :md measurements of 
the adsorbed dose lor itic lanac living ui the sediments gave 
values of 23&-240 R/yr, or 1 ,000 times background for that 
area. More tlian 130 generations had been exposed to this or 
greater dose rates over the previous 22 years, llie conclusion 
ivat that the kmizing radiation from the contaminated eii' 
virijnment wa?? increasinv! the frequency of nvw chromo- 
somal aberrations In the irradiated pupuialiun, but that the 
new aberrations were eliminated by natural setection. Alio, 
the present !evel nf chronic irradiation haailOt afiiMted the 
frequency ul the endemic inversions. 

Blaylock (1969) also studied the fecundity of a natural 
population of fi^ih. Gambmia affir.i^ affinis. that had been 
exposed to chronic irradiation in White Oak Creek for many 
generations, compared with a control population. The calcu- 
Inted dose rate from the bottom sediments was 10.9 rads/ 
day. A significantly larger brood size occurred in the irradi- 
ated than in the nonirradiated population, although signifi- 
cantly more dead cmbr>'os and abnormalities were observed 
in the irradiated broods. These results suggest that an m- 
creased fecundity is a means by which a natural popuUtion 
having a relatively short life cycle and producing a large 
number of progeny can adjust rapidly to an increased en- 
vironmental stress caused by radiatioii. 

We return then to a concept that has recurred in this 
report: Man, as an individual, is the criticai biological targiet 
in predicting the consequences of introducing radioactive 
materials into marine environments. If the radionuclides are 
present in concentratioiu acceptable for man, the indmdual, 
then it is difTicult to conoaiVB (hat there v^ill be more than 
subtle effects on ecosystems— perturbations that would 
probably be indistinguishable from those due to causes 
other than radiation. On the other hand, it is not only con- 
ceivable, but probable, that with increasing uses of atomic 
energy, accidents will occur that will result in damaging con- 
centrations of radionuclides. In preparation for these con- 
tingencies, there is a pressing need to increase the sensitivity 
of methods for studying the response to radiation of popu- 
latiooa and eoaqmaniB in the marine envtrannttAt. 



EFFECTS ON RESOURCES 

The extrapolation of the results of laboratory experimenti 
into the practical terms of their effects on marine resourcet 
must be made with care since, without evaluation of the 
natuial variatkmi iclated to diangn in fecundity, mortality, 
and recruitment, quite erroneous conclusions can be 
reached. Polikarpov (1966) suggests "inliibition and degen- 
enlion of a number of food fiUm and other radio-sensitive 
ofganiiffli" and "rapid development and multiplication of 



'Oata tnm Woodhend (1*66. panoad MOMmnltatioa). 

*Or 7.3 R/ym. 

of Agriculture, Fisheries and Food, 1968). Each fish carried 
two lithium fluoride dosimeters, incorporated in a Fetenen 
fish tag, one to measure the accumulated dose on the upper 
mi&ce and one to measiue the dote on the under surface. 
In the first few months, over 243 marked fish were recov- 
ered, and preliminary data indicated an integrated exposure 
of 4.S R for the bottom dosimeter. This was equivalent to a 
doie of 10 R per year. The ratio of top to bottom dose was 
0.73. The differential response of dosimeters placed on the 
top and the underside of the fish indicated the expected re- 
spone to beta radiatton. The agreement between calculated 
and measured dose Is extremely good. 

Gamma dose rates measured 1 m above the Ravenglass 
mod fbts, near Windscale, from January 1965 to June 1967, 
averaged about 140 iiRJhx, compared with 10-1 5 pR/hr 
background. Over sandy beaches, dote rates ranged from 
1 1-16 ill R/hr, compared with a background rate of 8-12 
;jR/hr. The mean dose rate over mud, from '<>*Ru/'°*Rh, 
>^Ce/i^Pr, and "'Zr/^^Nb, has been calculated as about 
1 fflR/hr, or 8 R/yr (Jeffries. 1968). 

Thermoluminescent dosimetry measurements in 1965, 
usiqg LiF powder in sachets implanied in the mud at a point 
where •••Ru/'^^Rh + '^Ce/'^^Pr levels were about half 
those reported by Jeffries, gave values of 100 mR/wk in the 
top 1 in. of mud, SO mR/wk at a depth of 3 in., and <20 
mR/wk at depths to 1 7 hi. Organisms in the top 3 in. mi^t 
then be exposed to a radiation dose of 4.0 R/yr, comparable 
to that received by fish near the outlet (Tenopleton, 1968, 
pataonal communkatioo). 



Oak Ridge 

Very few studies have been made of natural populations ex- 
posed to chronic radiation higher than bacicgiound. The 
salivary chromosomes of the larvae o(Chironomus lenians, 
which inhabit the contaminated bottom aedimenu of White 
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boctetia, microphytes and radio-resistant forms of inverte- 
brates" as a result of radiation modification of the marine 

envirunmenl. 

Zaytsev and Polikarpov (1964) and RoUkarpov ( 1 966), 

b i'L- ! ihe;r previously discussed laboratory data, have 
calculated the umc needed lu hdlve itic Slocks of various 
species of Blade Sea fishes in relation lo the proportion of 
the eggs damaged by radiation. These workers conclude that 
(here is reason to assume that the fisheries will be adversely 
alfected, and may, in many mstances, cease to function if 
fish stacks are reduced to one half or less. They consider 
that from the comntercial standpoint, radiation damage 
mutt not affect more than 10 percent of the eggs, thou^ 
even at this level, catches will be perceptibly reduced. 

Garrod (1966) points out the fallacy of this argument. 
For marine mamiMls or for certain fish spedet with low 
fecundity, a SO percent mortality of the young or of the 
eggs will be reflected as a SO percent reduction In recruits 
to the stocks, though this does nui u' nt r i'lv occur in the 
marine enviromnent. In the general case of organisms with 
high fecundity, reduction in the spawning stock does not 
necessarily result in a decrease in the mmiber of recruits. 
The capacity of the environment to support young fish is 
limited, and this capacity can be satisfied by the eggs from 
a small number of adults, \\v^ ii{ crfluous eggs and laivae 
being reduced by density-dependent mortality. 

The magnitude of the mortality is also pertinent in the 
evaluation of the effects of radiation on marine lesourcc^.. 
Garrod indicates that for stocks of arctic cod with high fe- 
cundity, survival is 1 in 10* and can be as low as 1 in 10*. 
The addition of SO percent mortality in the egg stage due to 
the effects of radioactive contamination of the environment 
would not noticeably alter the existing mortality rate of 
99.99 percent This wmiM also be true of all hl^ fecund 
ipedes. 

While it may be true fliat the ftcundity of both the indi- 
vidual and the population could be reduced by radiation ef- 
fects, it is extremely doubtful that these would mfluence 
stock size beyond the normal range related to environmental 
changes, except in very heavily exploited stocks. It is cer- 
tain, however, that with the techniques of assessment now 
iwalilile. it would not be pomUe to obtain an uitUised 
measure of the effect attributable to radiation alone. 



RESEARCH NEEDS 

• Further stucHes are required concerning the concen- 
trations of naturally occurring radionuclides and natural 
badtground radiation doses in the environment as a baseline 
for studtes of the efTecit of ntHation. 

• Time curves for acute exposures of lethal doses should 
be extended, with particular attention to exposure as a 
function of B(B. 



• Because of the conflicting nature ul the present ex- 
perimental data on the effects of low-level chronic irradi- 
aiiun on developing embryos, more studies sliould be estab- 
lished under rigorous, controlled experimental conditions. 
T'lc effects or.ithcr environmental "stress" factors, suchas 
salinity, temperature, oxygen, and pollutants, must be 
Studied and expanded to indude the interactiao of these 

factors with r:id!:iti<''n effects. 

• More sensitive parameters of radiation effects on indi- 
viduals, populations, and communities should be developed. 
Long-term studies, in which f ictors such as rates of growth, 
morphologicai abnormaliiies. onset of maturity, and repro- 
ductive capadty are considered, for example, should be em- 
phLisi/ed. Chromosomal studies under experimental and 
tieid conditions should be extended, and the somatic and 
gpMtic consequences oi such changes on populations and 
ecosystems should be evaluated. 

• Measurements of absorbed dose using microdosimeters 
should become standard practice in experimental work. In 
areas subject to radioactive contamination, studies should 
be initiated to determine the radiation regime in the environ- 
ment. The data obtained should be closely conelated with 
measurements of concentration of radionuclides in order 
that the historical radiation regime can be determined. 



SUMMARY 

Radiation is not a recent introduction to the marine environ- 
ment, since low levels from environmental and cosmic 
sources have been present throughout geological time. 
Lethal amounts of acute radiation differ widely among ma- 
rine organisms and are related to variations such as spedes, 
age, physiological status, and body size. These variations are 
further complicated by the interaction of environmental foe- 
tors such as temperature and salinity. Exclusive of the tfgt 
of fish and larvae of invertebrates and fish, most marine or- 
ganisms for which data exist are relatively radioresistant. 

Limited studies on the effects of chronic exposure have 
been conducted. These have been limited to selected devel- 
opmental stages and indicate that, vnth the possible excep- 
tion of some Russian data, the dose necessary to evoke an 
unequivocally detectable biological reqmoae is considecably 
above that of concentrations of radionudidet in the environ- 
ment as a result of controlled waste disposal operations. 

Studies on the genetic consequences of radiation expo- 
sure to population IniBcate flut, despite larger numbers of 
mutations, increased utilization of reproductive capadly 
maintains a poptdation at preradiation density. 

Field studies on the effects of radiation indicate diat our 
best technologies and methods caiuiot demonstrate etTecta 
on marine ecosystems, at prevailing dose rates, tiut are 
dearly and luiiqucly attributable to ionizing radiation. 
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EVALUATION 
OF HUMAN 

RADIATION 
EXPOSURE 
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The presence of wtlflcial radioacthe materiib in (he muine 

environment must be considered in relation in radiation ex- 
posure ot people who use the sea and its products. Some 
exposure is inevitable and, indeed, has always existed froin 
naturally iwiirring radionuclides. To this natural back- 
ground exposure must now be added some additional radia- 
tion dote as a consequence of man's entry into the age of 
atortiic energ\'. 

riie magnitude of exposure that is likely to result from 
artificially produced radkmuclides depends upon many 
coinpiex relalion<.hips These relationships involve how, 
where, what kinds, and in what amounts radioactive mate- 
rials are introduced into the seas, and the ways and extent 
tr. which the seas and their resources ;!re used hy man It is 
the purpose of this chapter to identity tlie relationships 
that are now recognised as important in assessing human 
radiation exposure, to discuss ways in which the presence 
of radioactive materials can be translated into estimates of 
radiation dose to people, to provide perspectives on the 
magninide of exposure from marine sources in relation to 
acceptable dose limits, and to sunmiarizc (he status of radio- 
active contaminatkm la the seas alter the first quarter cen- 
tury of use of atomic energy. 



USE OF THE SEA IN RELATION TO 
RADIATION EXPOSURE 

Influx of Radioactive Materials 

The seas have been the intended or casual recipient of sig* 

nificant quantities of artificial radionuclides since l**45. 
when the tlssioning of ^-^^U and ^^'I'u was first undertaken 
on a massive scale. The earliest additions consisted mostly 
of short lived neutron activation products present in the 
coolmg water of the plulonium ptoducmg reactors at the 
Hanford Wofks in the Sute of Washington. This radioactive 

material reached the North Pacific Ocean via the Columbia 
River. Unly a few months after the startup of the reactors, 
atomic weapons were detonated in the atmosphere, and the 
oceans of the world began to receive the fallout of fission 
products and other debris. In the followmg year, atomic 
devices were expiloded underwater at BIthii Atoll. 

In a general sense, the ways in which radioactive mate- 
rials were added to the marine environment in the lirst year 
and a half of the atomic sfs chaiacteiize the ^pes of addi- 
tions with ndiich we aie still eoneemed: 
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Chronic discharges of low-level wastes from operating 
rMcton and fuel prooesaing plants. Such dbdiargn are 

planned and monitored and can be controlled at the v urce. 
They result in a gradual buildup of longier-lived isotopes to 
(ome equilibrium level, and the area of greatest eoncem it 
ordinanl\' in the region close to the discharge point. 

Worldwide fallout from detonations that inject debfb 
into the atmoaphete. In this case, the loarce is wideipKad, 
fluctuates greatly in intensity at different times, is not 
under control, and results in low-level, but worldwide, con- 
tamination in the oceans. 

Acute releases from single incidents at or below the sea 
or ground surface. Such releases may result in high levels of 
contamination in local regions-c on t a mination tliat de- 
creases with time but spreads in area. In the early years, 
acute releases occurred from weapons tests. In future years, 
they may result from accidents at shore intttdlations, to 
ships, or to isotopic power sources. Several large-scale engi- 
neering projects that have been proposed under the Plow- 
share Program of the VS. Atomic Energy Cormniiaion 

(AED .-o'.ild also cause acute releases. These differ from 
the accident cases in that the place, time, and nature of the 
incident is under control. The magnitude of the rekaae Is 
Ucely to be substantially greater than in most accidents, 
however. 

Additions of radioactive materials to the sea that arc 
more chancteristic of contemporary uses of atomic energy 
alsoindttde 

The disposal of low-level packaged waste and intermittent 
releases from nudear-powered ships. Sudidhposal repre* 

scnts an intermediate case between the chronic discharge of 
liquid wastes from fixed installations and the acute releases 



TABLE 1 Consumption of Fish and Shellfish 



Country or Area 

Oceania (Cook Is.) 
Soedisui 



Direct Consumptioit (g per capita ptr day) 
Area Average Spociflc Ixicality Survtya 



United KiAgdoin 

Finland 
United Sutcs 



260* 




M4> 




10S« 




100* 




60* 




30* 




30* 


300^ 


15* 


3«0» 


S* 


180^ 



■Rao (IMS). 

*f)M« mi AtrieaitMM Ofiairintim or Mm tInIM Natlom (1 9M). 

^NMon (19M)b 

«I«IMMam (IMT). 

^HiH«i«r«t(lMt). 

'■hit«r«L(l»eT). 



from single incidents. Repetitive disposal into designated 
dump areas requires admbiiitration comparable with that 
for chronic discharge. 

The use of sealed radioisotope power sources for such 
purposes as navigational lights and space satellites, which fo- 
creases the potential in. L-iitiir> of radioisotopes in the ma- 
rine environment; however, these radioisotopes are not bio- 
logically available except after accidents. 

Radiation exposure of man as a result of the introduction 
of artificial radioactive oontambiants into tlie marine envi- 
ronment may occur by one or more of several pathways, 
and only careful evaluation can determine the most impor- 
tant or critical pathways in particular situations. The fol- 
lowing pathways are the ones that normally merit consid- 
eration, however. 



Pathways of Exposure 

FOODSTUFFS 

The consumption of contaminated marine foodstuffs, 
inchiding fish, seaweeds, and manufactured products, is 
ordinarily the exposure pathway of greatest importance. 
This is particularly true of the heavily populated northern 
liemis|jiere, where sea fisheries produce over 70 percent of 
the world's sea harvest. Closely related is the use of the sea 
as a source of fresh water, a use that is expected to increase 
with the appUcatioQ of nuclear desalination. Desalbiatioa 
pro c esse s tend to exclude radioactive materials from the 
finished water. On the other hand, waste water from nuclear 
desalination plants will contribute to tiie burden of radio- 
active contaminants in the marine environment. 

The levels of contammation in the edible portions of 
marine |dants and animals may Iw many tiroes hi^r than 
that in the scawater because of biological reconcenlrafion 
processes. The levels that are acceptable for any specific 
situation depeiHi upon the rates of consumption of locally 

derived marine foods, and these rates varv* widclv. Statistics 
for countries as a whole are usually of little relevance with 
respect to specific r^oos, and only surveys of local con- 
sumption habits can provide the data required to determine 
permissible concentrations in particular dietary items. The 
data in Table 1 iliustiate the wide range of consumption 

rates. The rale for a specific locality within a country may 
be 30 times that of the lutional average, and the national 
average for some countries Is 50 times that of others. 



SAND AND SEDIMENTS 

Some radioactive debris enters the sea as particulates, and 
some radhmuclides in solution are easily adsorbed to the 



oopyiiyhiCiJ iiiaiciial 



242 



RadloaetMty In the Marine Envkonment 



surface of particles. The lesult is radioactive contamination 

of sand and sediments. If the contamination results princi- 
pally from surface adsorption, then finely divided sediinents, 
wtiicb praent tlw greater suvftoe area per unit weight, will 
exhibit the highest degrees of contamination. This mode of 
radiation exposure is most apt to be of significance in silted 
estuaries or coastal water areas with soft bottoms. Opera- 
tional experience in the United Kingdom (Mitchell, 1967b; 
Jefferies, 1968) has shown that open sandy beaches in the 
vidnity of efTluent discharge points are no! likely to be a 
problem, but silty estuaries up to distance*, of several miles 
from a discharge point may be of concern (Jefferies, 1968). 
Radioactive particubtes disdiarged to estuaries and coastal 
waters, especially gamma-emitting radionuclides, may lead 
to quiie significant exposure rales (Preston and Dutton, 
I9()7; Dutton and Steele, 1966). 

The use of coastal waters a'- recreational areas has in- 
creased very greatly in the last decade among the afllucnt 
natioas of tlie world. Since these nations are also the likely 
confrihiitors to radioactive contamination of the same areas, 
the radiological implications of this use should be consid- 
ered. However, discharge restrictions based on the contaniir 
nation of marine fooijstufts will, in general, also limit expo- 
sure from swimming and from the beaches to negligible 

pfoportioos. 



FISHING GEAR 

FIshhig gear-more particularly, commercial flidiing gear- 
may become contaminated directly by .idsorption of radio- 
active materials from the water or indirectly from radioac- 
tive particulates if the gear is opented on the seabed or fai 
very silty waters This is more likely to be of concern vknth 
static fisiung gears, such as the salmon bag-nets used on the 
Caithness coastline in Scotland near the discharges from the 
Dounreay Experimental Reactor Kstablishment (Mitchell, 
i967b, Morgan, 1967). Experience at the U.IC. Atomic 
Energy Authorit/s Wfaidscale Works has diown that trwtd 

j;e:!r (operated in the outfall area, even over soft bottoms 
cuntainmg up to 10^ pCi of fission product radionuclides 
p« gram of diy ledhnent* does not beooiiK suhttantially 
contaminated. 



OTHER PATHWAYS OF EXPOSURE 

Other pathways that may lead to very minor degrees of 
human radiation exposure include 

Seaspray driven onto land or beaches-particularly spume, 
which scavenges fine particulates as it travels over the water 
surface, leaving patches of finely divided material of in- 
creased radionuclide content after stranding and coUapsitig 
(United Kingdom Atomic Energy Authority, 196S). 



Seaweed, trash fish, and spoiled fish used as fertilizer or 

anitnal feed. 

Periodic inundation of pastureland with seawater that 
oontaios radioactive eontambiants from nearby nudear 

plants. 

The dredging of lurbors and the maintenance of buoys 
In areas ndiere radioactive wastes have been discharged. 

The sea as a mineral resource is already receiving consid- 
erable attention, particularly in continental shelf areas, with 
respect to the extraction of salts and drilling for oil and 
naliiral gas. The technology for the economical recovery of 
manganese and other valuable mitterals from the bed of the 
deep sea may also be developed soon. Such mining of the 
sea might require prior consideration of possible radioacltve 
contamination if the mineral lesources are inattatH^fe 
radioactive materials have been discharged. 

Future undersea exploitation involving underwater resi- 
dence by man may require advance consideration of the 
proximity to radioactive waste disposal areas; at present, 
however, radioactive contamination of the water or seabed 
hardly seems a credible restriction on sudi uses. 

ACCEPTABLE DOSE 
The Concept 

Exposure of man to ionizing radiation entails a risk of dele- 
terious biological effects, and if man wishes to benefit from 
the use of atomic energy, some risk will be involved. Radi- 
ation doses must therefore be limited to a level at which the 
lidci involved are acceptable to the individual and to society 
as a whole; such doses may be termed "acceptable doses." 

Recommendations with respect to acceptable doses are 
made from time to time by the International Commission 
on Radiological l*rotection (ICRP) on the basis of the con- 
servative assumption that "down to the lowest levels of 
dose, the rllk of inducing disease or disability increases with 
the dose accumulated by the individual," (International 
Commission on Radiological Protection, 1959) and that this 
increased risk of developing biological effects has a linear re- 
lation to dose. This concept assumes that there is no thresh- 
old dose below which no deleterious effect is produced. In 
light of these concepts and many years of practical experi- 
ence with radiations of various kinds, both with man and 
with experimental animals, acceptable doses are set so that 
there is a very low probability of Uolagjteal efiiect. These 
limits, which are for continuous exposure, are not to be re- 
garded as absolute upper limits, but rather as guides. It will 
noimally be quite ; racncable to keep the actual levels of ir- 
radiation very much lower, and the Commission states that 
every effort should be made to do so, compatible with eco- 
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nomic and social considerations. Undue importance should 
not, however, be attached to occasional exposures that 
exceed the limits. 

The Commission's "permissible limiu" (iCRP, i96(>b) 
dtttingittidi between occupathmally exposed persons, mem- 
beisoflht- eeruTuI (mblic, and popuhuions, isnd in the coHr 
text of radioactive contamination ot the marine environ- 
ment, it is the recommendations in relation to mdividual 
mcmhcrs ol ilie puhl:,- anct of populations that will, of 
course, apply. Ihese recommendations are intended to re- 
strict the ride to the individual of developing deleterioos 
somatic effects. The limits for mcTii'uTs of ita- puhlir ciir 
respond to one tentli of the recommended maximum per- 
misdble dose rates for occupationally exposed persons. The 
louver limit on dose for the public is deemed desirable in 
order to protect children and, among other things, in iecag> 
nition of the absence of some controls ^t apply to r»fi> 
ation workers, such as employee selection, supervision, and 
monitoring. The limitations imposed on exposure of popu- 
lations are based on considerations of heredity (genetic ef- 
fects) and will be determined by the magnitude of the dose 
to individuals as well as by the number of persons exposed. 
No spedflc leoomnwndations are made for a maxinmm so- 
matically significant pi ipuliitii iii dose, but the limits for indi- 
viduals ensure that the frequency of somatic injury in a 
populatloa will remain at a very low levd. 



General Application 

For both individuals and popuhtkms, the exposures under 

consideration here are those that are above natural back- 
ground and in addition to exposures received by a patient 
dining medical treatment. Exposure may result from eidwr 

internal or external sources, and the recommended dose 
Smits, given m Table 2, are intended to include radiation 
from both aowoes. 

Foi raiiioacti'.e -rattni.ils d^pi^sitcd in the body, dose 
rates are related to a permissible body (or organ) burden for 
specific radionuclides, and these in turn are related to a per- 
missible continuous daily intake suffi it nt to establish and 
maintain that body burden. The ICRP has expressed these 
permissible daily Intakes in terms of maximnm pemdarible 
concentrations in air and in drinking water (ICRP, 1959). 
In the case of long half-life radionucUdes with slow turnover 
rates, the permisiiUe body burdens and the resulting dose 
rates may not be achieved for tens of years. Consequently, 
early exposure history related to these intakes, or any body 
burdens derived from them, will result fai only a small frac- 
tion of the acceptable dose. 

The establishment of such a model for exposure from 
Internally deposited nuclides and the derivation of the aa- 



TABLE 2 Recommended Dose Limits 



PtotofBody 



ICRPDmeUndt' 



Fof individuals 

Gonad*, red twne marrow, whole 
body (inifocnriy lindittad) 



Thyroid 



Haii;1;, riirt'.irms. fe«t, anUei 
Other unglc organs 



Ctocl«dii«tl» 

For papulations 
Whole body 



tract) 



0.5reia/yr 

34>fefli/yr 
(1.5 rem/yi 

children under 16) 

7.5 lem.i'yr 
l.S temjyt 



SJHttmJfmoa 
focSOyr 



".•\'. ^cpt jlUf dnsf liiiHi, flii nietiiliois i>f Kit- public recommended by 
the [nterr, jtional Ciimmiiiiun an kaJioln^iL Protection (1 959). 
Similar limitations arc recommended by the tedsfal Radiation 
(IMO. IMl). 



s.iciated control criteria imply assumptions about the aver- 
age anatomy, physiology, and behavior of man. To this end, 
the ICRP has defined a "standard man." representfaig a typi- 
cal occupationally exposed adult. Individual variations re- 
lated to size, sex, age, physical condition, eating habits, and 
so on are not taken into account in definbig maximum pe^ 
missiblc body burden and associated parameters 

The general appiioition of acceptable doses is intended 
for planning purposes and ii nornnl for sitiutimis resulting 
from controlled operations. If the source of exposure is un- 
controlled, as it might be following a reactor accident or a 
midear explosion, abnormal exposuras may arise that call 
for remedial action. It is unwise to stipulate action levelsat 
wluch remedial measures should automatically be invoked, 
since the measures themselves may involve a degree of risk. 
However, the ICRP regards such mcasaros as mandatory if 
whole-body exposures of 100 rads are likely to result from 
an uncontrolled situation. Some guidance concerning suit* 
able emergency exposures may be obtained from recommen- 
dations of the United Kingdom Medical Research Council 
(1960) and die Federal Radiation Counci (PRC) of the 
United States (1964, 196S). Both reports suggest upper 
limits on the contamination levels that would result in an- 
nual doses to the critical organs broadly equhnlent to the 
annual exposure permitted radiation workers. Such expo- 
sures are considered acceptable if they are experienced by 
the same population only once or twice, with some years 
between exposures, and if the ^a/c of this population is small 
compared with the total population of the country or area 
conoBmed. 
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Application to Radioactive Contamination 
of tlie IMarine Environment 

The Brynielsien committee of the Internationd Atomic 

Energy Agency (IAEA) (1961 ). convened in 1958 to con- 
sider the probiems of radioactive waste disposal into the sea, 
endorsed the TCRP recommendations and gave at its cdlec- 
dve opinion that radiation exposure resulting from disposals 
would probably be limited to small fractions of the popula* 
tioo. It follows, therefore, that genetic exposure dimild not 
be significant and that Ihc critical control should be based 
on expotuf e of individuals. Thus, limiutions of radiation ex- 
posure from artificial radionuclides in the marine environ- 
ment may be based on the recommended ICRP dose limits 
for individual members of the public. The use of somatic 
rather than genetk criteria has been adopted by, among 
others, the I cderal Radiation Council (1961) and the 
United Kingdom Minister of Housing and Local Govern- 
ment, Minister of Welsh Affairs, and Secretary of State for 

Scotl.iiid (1''60). 

In applying these dose limits through the derived crileriii, 
such as maximum permissible concentrations in drinking 
water, it must always be reineinbercd that the actual doses 
received by individuals will vary, depending on variation in 
parameters such as age, size, and sex. Such variations can, to 
a large eMetu, be allowed for by careful selection of "critical 
groups" that are reasonably homogeneous with respect to 
age, diet, and other factors affecting dose (ICRP, 1966a), 
and the Commission states that "it will be reasonable to ap- 
ply the appropriate Dose Limit to the mean dose of this 
group." Some indlviduab may theiefore receive doses higher 

than the dose limit, but since at the levels of risk implied 
such infringements will be minor in character, this approach 
is, in general, satisfactory. 

Wlieie a ctitieal group cannot be defined, a safety factor 
should be applied to the derived concentration limits. It is 
recognized that the value of such a factor wfll vaiy aecordhig 
to particular ■jircumstanccs. but in the United Kingdom, for 
example, a safety factor of 10 is applied to preoperational 
asaesaments of waste disposal to the marine environment, 
and, if after some years of operation it is stilt ii 't pnxsitiK' ii 
accurately defme a critical group, the dose luiutalions arc 
applied to the habits of the moat exoeptional Individual 
found through a survey of locil liahits Tlll^ approach has 
been endorsed in principle by the authorities in the United 
Kingdom (United Kingdom, Minister of Housing and Local 
Government, Minister for Welsh .\ffairs. and Secretary of 
State for Scotland, 19(>0), who recognize that surveys in- 
clude but a sample of the entire population, and conse- 
quenily that there itia\' exist some poison with such excep- 
tional habits ituit his exposure is greater than the dose limit. 
Again, at the leveUofrMc invohpvd, this is considered to he 
a satisfactory approach. 



The final stages in applying acceptable dbse limits depend 
upon the results of surveys of local lubits that have as their 
objective the identification of those hidividuals who will be 
subjected to the greatest radlatloa exposure. TIris uniisuaOy 
high exposure may result from their activities bi the local 
environment or, in some cases, hi an enviionment some dis- 
tance from the contaminated area. Their behavior needs to 
be asses-sed in quantitative terms-for example, in grams of 
marine foodstuff consunKd per day or in hours per year 
spent on a beach or in worleing contaminated fishing gear. 
Such terms are needed to convert the ICRP maximum per- 
missible daily iniaices, or dose rates, into derived working 
nmlts for the environment in question. 

After sonic operational experience has been gained for a 
particular situation, it should be possible to confirm the 
validity of the critical pathways predicted by the above pro- 
cedure and to identify the radionuclides contributing the 
most significant fraction of the dose limit. Field measure- 
ments should also permit confirmation of the critical organ 
or organs involved in the irradiation. When this stage has 
been reached, it should be practicable to pursue more de- 
tailed inquiries directed toward iaolatuig the critical group 
of individuals. Finally, isolation of this group will permit the 
determination of average behavior patterns in the group and. 
if necessary, suitable adjustment of the provisional derived 
working limits. 

In tome situations, levels of contamination are so low 
that they are virtually indistingnidiable from natural bade- 
ground. If calculation of absolute upper limits of exposure 
shows that it is far below the exposure considered as accept- 
able, then detaBed studies need not be undertaken. In sudi 
cases, it may be possible to dispense with the routine envi- 
ronmental monitoring operations normally established for 
the aieaa of significant cootamfaiation. 



METHODS OF EVALUATION 

In order to put a particular level of radioactive contandna- 

tion in the marine cnvir',>nnient in proper pcispective, esti- 
mates must be made of the radiation dose to man ttiat may 
result, (t is now radier standard practice to mdce such esti- 
natr, prior to the planned introdui'tmn of r.iiiioactive ma- 
terials into the sea, not only to determine whether the 
proposed operation is fai fact feasible (safeX but also to 
establish preliminary guides concerning the maximum 
amount of such materials that might be introduced at se- 
lected sites over appropriate intervals of time. In maktaig 
such predictions, careful consideration must be given to the 
exposure pathways that are most likely to result in the 
hl^iest dowsand to the particular indlviduab who will r»- 
celve these doies. Bariy IdantlflcatioQ of the eritfeal path* 
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wtv* and critical population groups Is also an important 
praicquisite to the design of an efficient and effective en- 
vironincn(al surveillance program. 

Following the actual introduction of potentially sigpifi> 
cant quantities of radioactive materials into the maiiae aih 
vironmeni, a rc-evaluation of the probable dose to mi can 
and should be made. As p<»nted out in the piecedbigMe* 
tion, the evahiation made after an installation has been bi 
operation for some months is of value not only in providing 
a reHned estimate of the actual doses received by critical 
populations in relation to acceptable dote lunlti hot alio bi 
confirming the validity of the assumptions used in making 
the preoperational estimate*:. Several cases are now available 
where comparisons ot picopcratiutuil predictions can be 
made with "postoperational" experience measured after 
startup. These will be discussed in the section on disposal 
of radioactive wastes (p. 253). Usually, the preoperational 
predictions are shown to have been Idghly pessimistic and 
to have resulted in tentative discharge guides tlut were more 
restrictive than neoesaaiy to maiiitaln the radiation dose to 
people within the prescribed limits. This was the intent, of 
course, and is most desirable. Nevertlieless, it must be boine 
in mind that when postoperational aaaaaaieats are made, 
the basic limit is the acceptable dose to man uid not the 
tentative permissible discharge rate or permissible concen- 
tration in leawater calculated as a part of the preoperational 
evahiation. Another incentive for updating guides derived 
during preoperational evahiations is that a portictilar expo- 
sure pathway predicted it the oulut to be critical may ulti> 
mateiy be shown to be of ksB unpoftancc than some other 
pathway. 

Evaluations mad« both before and after the planned dis- 

charge of radioactive materials should scr\e not only to pro- 
vide a technical basis for prudent control of the releases but 
also to inform both the by and the scientific communities 
of the degree of risk associated with planned and actual dis- 
diargct. Much of the public's wariness of radioactive con- 
tammation of the environment Is justified becauae the true 
tisks to man have not been puUiihed fai eitiier a tlmdy or 
an easily understood manner. 



Dose Predicrion 

Predictions of the radiation dose tliat may be received by 
people as a result of radioactWe contamination of the ma- 
rine cnviri.inmcnt ordinari'v bc^in with a L'omprchcnsi^ i.' 'e- 
vicw of the uses tlut man malies of the sea in the rc^on of 
interest and with the selection of a few postulated pathways 

by which internal and external exposures of greatest magni- 
tude appear most likely to occur. Comprehensive evaluation 
requbea that the separate oontributiom from all pathways 



of s%niflcance be added together so that the combined dose 
can be compared witfi the ICRP or PRC recommendations. 
This consolidation of dose contributions should include arti- 
ficial radioactive contaminants of tite terrestrial and fresh- 
water environments as well as contaminants of the marine 
environment. 

In practice, it lias been found that one. Or a very few, 
pathvrays are so dominant that the multitude of alternate 

routes that can be conceived contribute only relathwly in- 
significant doses. The pathways requiring detailed evalu^ 
tkms nmriably Include the ponible oontndnatioo of eiHble 

products harvested from the sea in the leglon of interest 
and, where appropriate, may include the potential external 
exposure from beaches, fishing gear, and other pathways. 

Fundamentally, the mechanics of predicting the dose 
that may be received by people has four parts: 

Estimating the concentrations of the contaminants tiiat 
will exist in the seawater at places and tiroes of interest. 

Esthnating tiie relationships that win exist between the 
concentrations in the water and in seafoods, sediments, 
beaches. Hshing gear, and otlier materials that are used 
directly by man. 

Estimating the rates of consumption of particular sea- 
foods by critical population groups and the extent (time and 
distance) of exposure to materials that can deVver an exter- 
nal dose. 

Converting the estimated intakes of radionucUdes and the 
Intensity of the deponted contammants into estimates of in- 
ternal and external dose (rem), consolidating these estimates 
with doses received from other environmental sources, and 
comparing them with recommended limits. 

In the last decade, the Committee on Oceanography of 
the National Researdi Council has had several opportunities 

to consider and develop in detail procedures for predicting 
acceptable rates of discharge of radioactive materials into 
the tea (National Academy of Sdencet-National Research 
Council. 195')a. 1^5%, 1962). The International Atomic 
Energy Agency (1961) has liltewise published defmitive 
guidance for this practice, and several nudear faistalhtiont 
have used tlirst b.isic procedures to estahlish tentative limits 
for discharges to the sea or to provide evidence that antici- 
pated ideases wOl be well below the levels that would result 
in dose rates of concern. 

The first evaluation made by tiie Committee on Oceanog- 
raphy was in lespome to a request by the U.S. Atomic 
Energy Commission that qiie^ttons concerning the disposal 
of paclcaged low-level waste into coastal waters of the At- 
hntie Ocean and the G\df of Mexico be examined. The rec- 
ommendations of the working group assigned to this study 
were published in 19S9 (National Academy of Scicnces- 
NitioiMl Research Council, 1959a)t This working group 
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identified tlie potentia] concentration of ndkAotoptt In 

edible marine products as the factor that would motttllBit 
waste disposal. Maximum permissible concentrations In sea- 
foods were calculated for several adioisotopes on the basis 

of intake rates recommended by the National Committee on 
i^diation Protection (NCRP), which at that time did not 
distin(piish between exposure limits for radiation workers 

and members of the nishlk -M 1;!rge fNCRP. 1953). In fv 
sence, tliese were tJie NC Hi' recommendations loi inaxmium 
pennissible concentrations in drinking water adjusted for 

the rate of intake of seafoods and for conoentntionoftlie 
radioisotopes by the marine organisms. 

The assumption was made that individuals eating the sea- 
foods obtained all of their pmtein from this source. This is 
a very conser-ative assumption in relation to the food hahits 
of North Americans. Other assumptions used conservative, 
but best available, data on the e>:ten! to wliicli fish, shell- 
tlsh, and other edible marine products inigiu concentrate 
specific isotopes from the seawater, and on the rate of did- 

persion of the contuminants from packaged radioactive 
waste. The report specified maximum petmissible concen- 
trations for several radioisotopes in seawater and the asso> 
ciated permissible rate of disposal of wastes i.e., the dis- 
posal rate that would not lesuii in greater concentrations in 
the seawater within disposal areas 2 miles in diameter. 

In June 1958. the AEC made an additional request of 
tlie Committee on Oceanography to undertake a study of 
the problems of disposal of radioactive wastes from nuclear- 
powered ships (National Academy of Sriciu rs-Naiioniil Re- 
search Council, 19S9b). Ttie working group appointed lor 
this new pro^t used basically the same appioach as the At- 
lantic and Gulf Coast group-i.e , consideration of the rate 
of dispersion by ocean currents, concentration of isotopes 
from the seawater by edlUe marine products, consumption 

of the seafoods by humans, and ma.ximum permissible rates 
of intake recommended by the NCRP. The nuclear ships 
Study dealt with a more complex set of disposal conditions, 
however. The marine environment was classified into four 
zones: inshore waters within 2 mi of the coastline; the 
coastal area, between 2 and 1 2 mi from the shore; the outer 
continental shelf, beyond 12 mi from shore; and the open 
sea. Tlie most strmgcnt limits were assigned to the inshore 
zone because some individuals might obtahi all of their pro- 

tcin requirements from fish harvested there, and because 
dispersion would be relatively poor in this zone. This report 
also recognized that people may receive radiation expoeurt 

from other environmental sources, e g., the atmosphere and 
the land, and an allocation was made for the fraction of the 
total that should be assi^wd to the sea. This allocation per- 
mittcd radionuclide intiikcs one third as large IS those 
recommended by the NCR}' (1953). 

The International Atomic Energy Agency ad hoc panel 
on radioactive waste disposal into the tea has presented a 



reasonably detailed description of the step4>y^step prooe- 

durc that may be used in arrivine at maximum permissible 
rates of introduction of radioactive materials into particular 
marine locales (IAEA, 1961), and many of these details are 
not repeated here. All of the studies cited above use a 
method lliat is now rclcrrcd to as the "critical pathway ap- 
proidi^-a procedure that is recommended by Cooimittee 4 
(Applicatioo of Recommendetlom) of the ICRP (19ti6a). 



The Critical Pathway Approach 

The critical pathway approach involves evaluation of a se- 
quence of events through wltich radioactive material intro- 
duced into the marine environment is dihited, perhaps re- 
concentrated, and ultimately reaches man either in food or 
via material with wiuch he comes in contact. I^ediction of 
the radiation dose that man will receive from an introduc- 
tion of radioactive material (or the reverse procedure, the 
calculation of tentative guides for accepuble rates of intro- 
duction) not only requires a number of source terms but 
also requires the use of several mathematical simulation 
models, transfer coefficients, and basic assumptions. Begin- 
nfaig at the point of introdoetioa, the tigniikaat paianMtan 
are ooaaidered in the foUowtaig aectlona. 



KINDS AND QUANTITIES OF RADIOACTIVE 

MATERIALS INTRODUCED 

Tills source data must be available in terms of rates of intro- 
duction (e.g., Ci/mo) of specific radionodides. Data pre- 
sented in terms of concentrations (e,g.,iiCi/litcr) is not very 
useful unless accompanied by information on the volume 
(flow rate) of the water involved. Piirther, data expressed 
only in terms of gross beta or alpha activity is oflittl? value 
unless the calculation is being carried out solely to demon- 
streie that the amount of radioactive material bivolved is in- 
slgplflcant in rdatloa to acceptable dose limits. 



raVSICAl. AND CHEIMICAL FORM OF 
RADIONtlCLIDES AT TIME OF INTRODUCTION 

These characteristics determine whether the material will be 
dlspeiaed promptly to the area of bitroduction more or lei* 
as a solution or whether it Will settle to the bottom. Once 
deposited on the seabedi the radioactive material may be- 
come a llgolfleant source of external expoeore, as weOas a 
continuing source, by dissolution, to the seawater and to 
marine organisms, in the absence of direct measurements on 
such deposited material, assumptions must be used to define 
the rate of dissolutioD. The mean residence thne oo the hot* 
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torn is impuiunl in relation to the radioactive decay rates 
(hilMiws) of the undides. 

INITIAL MECHANICAL DILUTION 

Initial dilution by this mcnns depends upon the manner in 
which the material is imrocluced intu the sea. It is ijnportanl 
for the eliiTunation of differences in densities that might 
delay dilution by advcctinn and turbulent ditT'.ision. Inade- 
quate initial dilution cuuld lead to unnecessarily higti con- 
centraUoitt in the vidniQr <rf the pobit of tatroductioo. 

DILUTION BY NATURAL MIXING niOCESSCS OF THE SEA 

These processes (advrction and turbulent diffusion) arc of 
paramount importance m accomplishing the required dilu- 
tion of the radionuclides within the time and distance con- 
straints peculiar to the disposal site. Mathematical models 
are ordinarily used to predict the maimer in which the con- 
centiatiomof the nuclides diminUi in space and tirae-Thete 
processes are discussed in detail in Chapter 4. 

For each disposal site, there will be some minimum vol- 
lUDe of ttiwater tittt wlU be of intemt, and efven though 
imal] regions within the "critical volume" will have higher 
concentrations, this will not affect the final outcome of the 
piedictioo. One meOiod of identifying Oie dae of the critical 

volume is to relate producltvity of the critical food organism 
of the area to its rale of consumption by a critical popula- 
tion. For example, if « local polMllatlon of 100 people sub- 
sists largely on fish produced in the vicinity of the site of 
introduction of the radionuclides, and if the quantity of tlsh 
conninied is SO^KX) Ib/yr, then the smallest area of interaat 
it that required to produce an annual harvestable crop of 
theqpecies of interest of 50,000 lb. This might be an area of 
1 jOOO acies. The critical vohinte is, then, the maia of watet 
available in relation to this acreage. The rate of replacement 
of the water in the critical volume then deterrmnes the How 
(Le., ra'/dajr) avalaUe for dlhition of tiie ladiooctive ma* 
terials. This critical volume approach wns used by a working 
group of the National Research Council to evaluate the po- 
tenthd hazaid of a sealed nidetrpowef souioe to marine 
fisheries. 

AVAILABILITY OF INTRODUCED 
MATERIAL TO MARINE BWTA 

Most predictive calculations assume that radioisotopes 
added to seawater will be adsorbed or absorbed by marine 
organisms in a manner identical with that of their stable 
counterparts already present in solution In the seawater. It is 
on this basis that concentration factors are usually derived. 
It is also on this basis tliat the "specific activity approach" 
(to be described bter) is derived. In actual piactlce, how^ 



ever, freshly introduced radioisotopes cannot be expected 
ahrays to hive the same availabiUty as the suble isotope of 
die same element in seawater Ijecause the freshly introduced 
material is initially apt to be in a different physical and 
chsmical state. For specific situations, it WKg be possible to 
predict whether the radioisotope will be more or len avail- 
able to organisms of interest. 

CONCENTRATION FACTORS 

Perhaps the greatest uncertainty m predictive calculation is 
tlie selection of an appropriate concentration factor 
whereby the estimated concentrations of specific radionu- 
clides in the seawater can be translated into the concentra- 
tions tlut will result in the marine Ibod products of interest. 
This general topic is discussed in several other chapters of 
this volume, and several pubUcations are now available that 
record values deemed appropriate by various authors OAEA, 
1961 ; National Academy of Sciences-National Research 
Council, l962;Mauchline and Templeton, 1964; Bryan el 
al.. l966:Polikarpov. 1966). 

The wide variations that have been observed amont" dif- 
ferent environments and even among closely related spccrcs 
in tlie same environment emphasize the need for careful 
consideration of the specific characteristics of each site. In 
dealing with radioisotopes with relatively short half-lives 
(days or weeks), it is also important to bear in mind that 
their accumulation by fish to a level that is in equilibrium 
with tlie environment requires a sigmficant period ot time 
and that radioactive decay will reduce the quantity present 
to levels substantially below those anticipated from the IW 
of unmodified concentration tactors. 



CONSUMPTION OF MARINE PRODUCTS 

It is now conventional to select or hypothesize a small popu- 
lation group, or even indhriduab, that eat extremely laige 

quantities of the seafoods that arc expected to become con- 
taminated through the introduction oi radionuclides. Such 
an approach is endorsed by both the ICR? (1966a), which 
uses the term "Critical Group," and the I RC (1961), which 
refers to "the exposed population." In the absence ol fac- 
tual data derived from dietary surveys, predictive calcula- 
tions have usually employed obviously safe assumptions. 
i.e., that the entire protein requirement is derived from the 
seafood of concern. 

Desired refinements in the estimated seafood consump- 
tion by the critical group include not only the true propor- 
tion of the diet that is made up of the seafood of interest, 
but also the proportion of this food that actually originates 
in the critical area (market dilution) and the lag time that 
ordinarily exists between the harvest of the food and actual 
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coosufflpaoii. Thb tag time can allow substantial ndkMciive 
decay of liiortolived nuclides. 

STANOARU MAN 

The ICRP ajid the FRC have computed the daily rates of 
intake of radionuclides that will eventually lead to tiie al' 
lowable radiation dose rates in various organs of the body. 
In nuking ihcsc calculations, it was necessary to fix a nuni' 
ber of physiological and anatomical characteristics that are 
implicit in the calculations. These "standard man" parame- 
ters include such tilings as body and organ sizes, ciiemicai 
composition, metabolic rates, and intalce and excretion rates 
(ICRP. 1959). To the extent that individuals differ from the 
Standard man, the dose estimates that are associated with 
specified intakes of particular radionuclides will also differ. 
The greatest differences will obviously occur for infants and 
cliildren, and tiie ICRP is tiierefore developing an additional 
set of parameters associated with the "standard child." For 
prcdictiDDs of radiation do.se froin marine foods tocriticul 
population groups, there appears to be no need for concern 
that deviations from tiie standard man assumptions will in* 
troduce serious errors, except perhaps when some foods are 
fed to infants in quantities approacliing or exceeding those 
eaten by adults. The capability of accurately calculating the 
dose received from seafoods by the critical population group 
improves as the identity of the group, and thus the physical 
and metabolic diaracieiistics of its mBmbecs, bectmies 
better defined. 

EXTERNAL EXPOSURE 

In addition to the recnncentration of radioactive materials 
in food chams leading to man, accumulations or reconcen- 
tiations may also occur by idiyrical, diemical, and biologieal 
processes that will lead to external exposure. Such accumu- 
lations can result from the deposition of undissolved particu- 
bte material on the seabed and beadies, the adsorption of 
ions from solution onto Sediments or Suspended matter that 
will later settle out, and the adsorption or "growth" of con- 
taminated materials onto fishing gear and other equipment 
imrticrsed in the sea. Prediction of the magnitude of the ex- 
ternal exposure that will result from these sources involves 
not otdy esthnation of the concentration factors that will 
occur on the sources of exposure but also the amount of 
time that members of the critical population group will be 
exposed (e.g., the number of hours during a season that a 
fisherman handles his nets). 

APPLICATIONS 

The critical pathway approach to evaluating the dose to 
critical population groups has been used for several radio- 
active waste disposal operations throughout the world: 



RadtooctMty In the Marine Environimnt 

NatleB Uw 

Vnitad R3djoictivewitie4iipc«UiMoAtlnlie and Gulf 
States coastal waicn 

RMHoiclive wute di^oei] Itom Bacie■^powBnd 

lUps 

Hufotd (now itidthnd) pluioniom pnduetloB 

plant disdnnce to Cotumbia River 

Oak Ridga Natioiial Laboratory diidiarft to the 

Clinch River 

United Atomic Energy Authority sites 

ICinpdaai SVind'^cjIc {Insh Scjl 

lKiuni«ay (noith vo,i!>< ul SctiiUnd) 
Winftilh (ioulhcm coast of Britain) 
Civil nuclear power itationt (total of 9) 
Royal Navy nuclear tubmarine baie (Chatham) 
U.S. Navy oudm flilmiarine feme (Holy Loch) 
Nvdaax diippini 

Franee Coamiinijat a I'Enogle Atomique site (Cap de la 
Hague) 

Sweden A.B. Atonwncrsi Studsvik 
India BhabtM Atomic Reve^rch Center 

Taiapur Atomic Power Station 

Rajastfaan Atomic Power Siattoa 



The Specific Activity Approacti 

The National Research Council's Committee on Oceanog- 
raphy was asked by the A£C in 1958 to consider the prob- 
lems of disposal of low-level radioactive wastes in the Pacific 

Ocean off the North American coast (National Acatlerjiv of 
Sciences-National Research Council, 19b2). The approach 
used by the group set up for this study was basically differ- 
ent from that used Hy others. Rather than iisini! the NCRP 
recommendations on rates of intake of radioisutopes. they 
used the NCRP (I9S9) values for maximum permissible 
body burdens of individual radioisotopes in combination 
with expected amounts of the nonradioactive isotopes of 
the same dements in the body. This resulted in a set of 
maximum permissible "specific activities," e.g.. microcuries 
of radioactive '^'Sr per giani of stable **Sr ordinarily pres- 
ent in the body. They pointed out that, if the maximum 
permissible specific activity were not exceeded in the envi- 
ronment where foods were grown, there was no mechanism 
by which the specitlc activity in the foods, or in the humans 
who ate the foods, could exceed the limit. Therefore, maxi- 
mum permissible concentrations of radioisotopes in sea- 
water could be calculated on the basis of the specific activi- 
ties in the seawater. 

The advantage of the speciHc activity approach is that it 
dimbtates the need for speculation on the extent to wUdi 
marine organisms might concentrate isotopes from the wa- 
ter, and it eliminates the need for apportioning some frac- 
tion of the total intake of radionuchdes to marine foods. 
Such an approach can be used to evaluate the disposal of 
radioisotopes into the sea because the chemical content of 
the seawater is quite uniform. 
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The specific activny approach is very conservative, es- 
pecially for North Amcriciins, because it assumes that an 
individtttrs entiie food mpply is^ved ftom tlw tM. It 
also has limitations for elements that are not common in 
the human body, and the working group found it necessary 
to use **ttand-int" for a numter of flteoimts for which hu* 
man data were unavailable. They also postulated that some 
elements, such as zinc, cobalt, iron, and copper, might enter 
die set at oomplexM that would not permit complete iso- 
topic dilution with the element in the seawaier prinr \n up- 
take by maxine organisms. To allow for this, an additional 
safety factor of 1 0 was introduced. 

Another limitation of the specific activity approach is 
that it is not applicable when the gastrointestinal tract is the 
critical organ. Here, the principal expoeure it from food that 
passes throu^ the gut rather than from the radioisotope 
after deposition in the body. The worlcing group resoWed 
diit problem by reverting to the critical pathway approadi 
of estimating the concentration that might occur between 
the seawater and the marine organisms (Le., as used by the 
Committee on Oceanography woiiEhig group fof nudear* 
powered ships) and itnuning a ibimtoui connimptlon rate 
for the seafoods. 

In making a predictive calculation using the specific ac- 
tivity approach, many of the same parameters used in the 
critical pathway approach must still be applied. These are 

Detailed knowledge of theUndsandquantltiMof mdlo- 
active materials introduced 

Knowledge of or aHumptioas about the pfaysicd and 

chemical form of the radionuclides introducfd 

Calculation of the initial dilution by mechanical mixing 
Calculation of the dOution that will result from natural 

mixing processes of the sea 

Assumptions about the relative availability of the intro* 

duoed material to die marine Uota 

Parameters used in the critical pathway approach that are 
not needed with the specific activity approadi are 

AasuDtptions about the concentration of radionuclides by 
marine organ i sms tmm dw seawater 

Knowledge of the kinds and quantities of marine prod- 
ucts used as food. (It is assumed that the entire food supply 
hit its offiMt hi the marine cnviiounent of hitcrett.) 



Follow-up EvaluatHMM 

Estimation of the mode and magnitude of radiation expo- 
sure to people that might result from the introduction of 
radioactive materials into the marine environment is pre- 
requisite to the dellbente diiGhai]gB of waste and to the as- 
sessment of riikt that msy be associated with large-scale ac- 



cidents. It must be remembered, however, that the actual 
exposures received by people after a new radioactive waste 
diqwsal opention has begun, or after the occurrence of an 
accident. m;!y differ substantially from early predictions, 
both in terms of the critical pathways of exposure and in 
terms of the magmitude of the dose. Once the introduetion 
of radioactive materials into the se;t frnrt^ :i new installation 
has started, the preoperational predictions will, in large mea- 
sure, have served thdr purpose, and attention should be 
shifted to a determination of the actual concentrations of 
radionuclides that are accumulating. This means that pro- 
vitional Hmits (Aioed on the rates of hitrodoction of con- 
taminants will very likely need to be revised, and it may be 
possible to dismiss safety factors (hat weie added solely be> 
cause of uncertainties fai ntes of diipenlon and of biok^eal 
reconcentration. 

Follow-up evaluations should, insofar as practical, be 
based on measurements of the materials directly respon^le 
for human exposure. This means the species of fish, shellfish, 
and seaweed actually consumed by the public, the beaches 
used by the public, and the gear handled by the fishermen. 
Measurements made of the concentraiiori<; nf contaniinants 
in seawater, in plankton, and in the sediments of the seabed 
are useful as reference polnti from wfaidi inteirdatlonshipt 
can be developed, but they have only limited use In evalu- 
ating radiation exposure to people. 

Once the ciitlal exposure pathways and the criticd 
populations have been confirmed by measurements made 
after waste disposal has begun, estimates of the dose re- 
ceived can be refined by oomprehenilve investigation of 

seasonal trends :n the levels of contamination and in the use 
of the marine products and zones of interest. Greater atten- 
tion can also be given to the size, age composition, and hab- 
its of the critical population. If gamma emitters are involved, 
it nuy be possible to measure the actual body burdens in 
hidividuals that make up the critical population. TMs tedi- 
niqiie is nnw being used at the Hanford phnit to determine 
the quantities of *>^^ acquired by people who drink water 
and eat fish from the Cohimbia River or who eat oysters 
from the coasts of WasMogton and Oregon (Foster and 
Soldat. 1966). 

The determination of actual body burdens of ladionu- 
clidcs acquired from environmental sources represents some- 
thing of an ultimate technique for evaluating the radiation 
dose from internally deposited sources. When such methods 
are feasible, they should be favored over the estimation of 
dose from the sampling and analysis of water and foodstuffs, 
tfowever, practical coosidentions wiB ordinarfly dictate that 
the measurements be made on the water and foodstuffs and, 
thus, that dose estimates be made using assumed rates of in- 
gestion and the ICRP metabolic models. Where the concen- 
trations of radionuclides in foods are so low that radio- 
chemical analyses are difficult and imprecise, it may be 
desirable to sample some other oigenlsm or gpNMip of oi|8- 
nisms (e,g., planlEton) that ooncentiate the mdiomididet of 
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tetcreit to levels that are easily detected. Such organisms are 
often tflfined '*iiidlcator ipedet" because they can be wed 

to indicate the relative levels of contamination in the envi- 
ronment (including the concentration in edible species) and 
because they can diow incieasing or decfeaiing tiends in 

thc?!e levels. In order to vse the concentrations of radioac- 
tive materials observed in indicator species to estimate dose 
to people, it b first necessary to estalrilih the relationship 

between concentrations in the indicator species and in spe- 
cies actually used by man. In siluaiiuns where the dose to 
man Is of any real significance in respect to limits, it will be 
possible to make the measurements directly without the use 
of indicator species. 



The Windscale Evaluation: An Example of 
Acceptable Dose in Relation to the Radioactive 
Contamination of Coastal Waters 

The preoperational evaluation at Windscale, on the Cumher- 
land coast of Britain, was the fiist detailed evaluation of 
radioactive material in tlie marine envirannmit using the 
critical prsthwav approach It involved an assessment of the 
rate ot dilution of activity, its reconcentration in nulcnals 
previously identified as playing an important role m man's 

use of the Ioch! environ:iient, and a carefully controlled pe- 
riod of experinicnul discharges uf radioactivity during 
which a safety fiictor of 10 wu introduced between the cal- 
culated maximum rates of discharge and those employed in 
tlie study (Seligman, 19S6; I^nster, 195t>.f air and McLean, 
1956; Dunster. 1959). 

The results of these studies completely substantiated the 
preoperational estimates of discharge rates and confirmed 
the m^or pathways by which radioaethrity is returned to 
man. The results of subsequent surveillance programs at the 
site have continued to demonstrate the acceptability of (he 
Windscale sea discharges in terms of the criteria discmsed in 
earlier parts of this chapter (Mitchell, 1967b; DunNlcr. 1959; 
Morgan, 1964; Dunster era/., 1964; Morgan, 1965, Langley 
and Templeton, l965;Temp]eton and Fraston, 1966; 

Howells, 19ri6: Preston and Jefferics, 1967). 

The consumption of laverbread (an edible product manu- 
£Ktured from seaweeds of the genus Awpil^) is the Umlt- 
ing route or critical pathway by which radionuclides dis- 
charged by the Windscale plant (particularly '°^Ru) return 
to mmu This critical pathway for human radiatlott exposure 
is described in detail by Preston and Jefferies (1967, 1969). 
The maximum rate of consumption of laverbread, found in 
a sample of coosumen obtained hy load SHivcy, w» 75 g 

per dav, but the distribution of observations indicated the 
possible existence of a few consumers who migiu be eating 
laverbread at a gi««t«r rate than diis. 



A recent survey (Preston and Jefferies, 1969) of laver- 
bread consumption rates identified the heavy consumers 

more accurately. In the sample obtained, rates of consump- 
tion ranged between 75 g and 388 g per day. The median 
rate of consumption of this group, based on dte distribution 
of observations in the sample, is 160 g per day, or approxi- 
mately twice the previous maximum rate. The group is com- 
posed of adults of both sexes and is estimated to comprise 
170 ind!v:duais in a total lavertuead'^onsuniing population 
of about 2t),IXM) persons. 
The survey also reviewed the supply, distributioo, and 

processing of the seaweed, and confirmed that the concen- 
tration of '^Ru in the laverbread was only about half that 
in the seaweed because of the incorporation of extra water 
during processing fPre^^tort and Jefferies, 19671 Parallel in- 
vestigations ol market dilution based on market sampUng of 
the processed foodstuff revealed an avnage '"'Ru dilution 
factor of .S between the aciiviiy as measured in seaweed in 
the vicinity ol the outlail and the concentration of the ra- 
dionuclide in laverbread (Preston and Jefferies, 1969). 

The calculations that follow are based on the results of 
the recent surveys but ignore the market dilution factor, 
since this varies from year to year with ilie particular mar> 
ket situation and has in recent years tended to decrease in 
value as Windscale seaweed has come to occupy a larger 
fraction of the market. The calculations that fbllow are de- 
signed to illustrate the degree of sc>matic exposure experi- 
enced by the ciitical group and to compare this exposure 
with the genetic exposure received by tiM South Wales 
population. 



CRITICAL SOMATIC t xposL RE: CSTIMATEO DOSE 
TO LOWER LARGE INTESTINE 

The average annual dose to the gastrointestinal tract (lower 
large intestine) between 1959 and 1965 was estimated by 
Preston and Jefferies (1967) at 0.3S rem. This estimate was 
based on a consumption rate of 75 g of laverbread per day. 
Adopting the new median consumption rate ofl 60 g per 
dqrfof the critical group, tl.s csnmatebeoomes 0.74 rem 
per year, compared vrith the ICKP recommended dose limit 
of 1 .5 rem: the range of estimated doaesexpcriencad by the 
critical group as a whole was 0.35 to 1.78 ferns (Preston and 
Jefferies, 1969). (See Figure 1.) 



GENETIC EXPOSUKE IN THE SOUTH WALES POPULATION 

The mean aoeepuble annual genetically signifieant doee is 

calculated as follows' The size of the laverbread-consuming 
population based on the 1962 (Preston and Jefferies, 1967) 
and 1967 (Preston and Jefferies, 1969) laveibiead niv^ It 
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FIGURE I Estimjtf d innual doM! (rads) to th« lower Urge intc5tin<- 

of adutis eumg 160 (/day of lavcrbread manwfacuirtd from Cumber- 
land Porphyn. (MddNM fimn F||iirt 4 tM I 
19«7.) 



SOMATIC ANO GCNCTtC DOSES 

IN KELATION TO RCC0IMMCN0AT10NS 

From the above calculations, the ratio oi the dose estimated 
for the gastrointestinal tract of the critical population to the 
ICRP limit is 0.74 rem/1. S rem = I/2,andfor thegCMtlc 

dose is 0.0001/0.13 = 1/1,000. 



CONCLUSIONS 

Without lUowmg for dilutkn of Wmlscale^ontaminated 
\eawced with seaweed from other touicet entering the 
South Wales laverbread marlGM, the mmge annual dose to 
the critical organ (gastrofaiteitinal tract) of laverbread eaters 
over the years 1959-1965 was 50 percent of the recom- 
mended dose limit The somatic dose is 500 times more re- 
strictive than Is the genetic dose, even though calculations 
for the genetic case were based on very conservative assump- 
tions for the mixijig of the South Wales papulation with the 
total UXpopuIatujo. 



2.6 X to* persons. The population of South Wdes, hi the 

laverbread area, is I X 10* persons. Therefore, on the basis 
of ICRP recommendations, the mean acceptable annual ge- 
iwlicdtjr significant dose. D, is 

2.6X10^/1 XlO^XJOyrX/)- 0.1 rem 

D ' 0.13 rem 

This calculation carries the conservative asmmption that 

South Wales has a semiclosed population, with restricted 
interchange of genetic nuterial with the test of the U.K. 
popalarion, and allots I /1 0 of the UJC. reooimnended ge- 

nctic exposure r;itc from radioactive waste disposal (U.K., 
Muiisier of Housmg and Local Government. Minister for 
Welsh Affoirs, and Secretary of State for Scotland, 1 960) to 
the Windscale sea disposal operation. 

The genetically significant dose actually received by the 
whole h weifar ea il<atipg population Is computed u fdiows: 
From above, the average annual gastrointestinal tract dose 
for the critical group consuming 160 g of laverbread per day 
is 0.74 rem. The average rate of consumption of the whole 

laverbrciul-eariri^ [mpul.ition is 14.6 g per d;)y. ratio, the 

average gastrointesunai tract dose for the population is 
0.065 rem. Fram the ratio of ICRP permissibk faitakes, the 

gonad receives a dose of I /600 of that to the lower large in- 
testine. Hence, average gonad dose is 0.065 X 1/600 ■ 
OjOOOI rem. 



HUMAN EXPOSURE FROM 
RAOIONUCLIOES IN THE SEA 

Natural Radioactivity 

Compared to the hnd, the sea presents a rehttvely friendly 

radiation environment. In the sea. natural radionuclides arc 
present in lower concentrations than in most rocks and soils 
(Polsom and Hariey. I9S7), and die only ones of signifl* 
cance in seawater that enter food chains leading to man are 
*^Vi and '^Rb. The dose from *^Rb is insignificant, and the 
dose from the burden of hi the body will be abottt 17 
mrems per year regardless of whether it is Licqidred ffOfll 
seafood or from food of terrestrial origin. 



Woridwitle Fallout 

Some fraction of the radiation exposure received by man 
from ftUout radionuclides results from Ms use of the sea 

and of food from the sea I-Or nf tlic world's popula- 
tion, this marine-derived exposure constitutes only a small 
fraction of the total exposure from falkiut The major frac- 
tion of intetnalh i!eposited fallout radionuclides is derived 
from terrestrial food chains (United Nations Scientific Com- 
mittee on the Effects of Atomie Radiation, 1964). 

Calculations by the Food and Agriculture Organization 
(FAO) of the United Nations (1960> for ^^Sr indicate that 
fidi contribute kn thao aS percent of the total daily mtake 
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of this radionuclide. This small uptake applies even in Japan, 
where marine fish are an important part of the total diet 
(Table I ). Because the ^°Sr/Ca ratio in marine fish is much 
lower than in other items in the human diet (FAO, 1960), 
the marine contribution to '®Sr actually deponted in hu* 
man bone would be much less than 0.5 percent. 

The marine contribution to '^''Cs intake by people is 
also small probably considerably less than 10 percent 
(United Nations Scientinc Committee on the Effects of 
Atomic Radiation, 1962). The '"Cs/K ratio in marine fish 
Israuchlowei than that m milk and meat, so that the per- 
centage contribution to retained '-^''Cs (and hence to the 
internal radiation dose) is even less. 

i-'rom the dose commitment calculations made by the 
United Nations Scientific Committee on the i:rfects of 
Atomic Radiation (1966), the worldwide average dose from 
''"Sf to human bone (actually to "cells lining bone sur- 
faces") up to the year 2000 is almost exactly 5 nuem per 
year. The marine-derhred portion of this dose can then be 
approximated as less than 0.5 percent of 5 mrcm per year, 
or an average of less than 0.025 mrem per year. A similar 
calculation for '^'Cs whoMfody dote nsulti in lesi than 
10 percent of 0.5 mrem per yeai^ or an average of less than 
0.05 mrem per year. 

The above calculations refer to average doses for the 
world population. In some parts of the world, there are 
small population groups tl»t depend on fish and other ma- 
rine organisms for most of their food. An appioxinnte 
upper limit for the marine-derived ^^Srand '^Csdoae rate 
to such people can be calculated by using the maximum nsh- 
consumption rate (807 g/day) found by Preston (1966) for 
English fishermen together with the oomoentiations of these 
radionuclides measured in the flesh of commercial fish 
(0.04 pCi '^'Cs/g wet weight; 0.007 pCi '"Sr/g wet weight) 
(Mitchell. 1967b). These lead to possible daily intalcesof 
32 pCi '^''Cs/day and 6 pCi ^°Sr/day. Using conservative 
biological parameters, these intakes could result in dose 
rates at high as 0.36 mrem/year to the whole body and 
30 mrem/year to parts of the skeletal bone. 

In addition to *®Sr and '^''Cs, many other fallout radio- 
nuclides reach the sea; these include ^^Na, **Mn. '"Co, 
«Zn. »*Zf-«Nb. '«Ru, '<»Ru, '^'1. '*«Ce,and '**Ce- 
'^Pr. Most of these have short lM]f4hres, and their coaceib 
trations in the tnarine biota that are used for human food 
are transitory and usually very low (Morgan, 1965). 

One exception is the radionuclide **Fe (half-tife of 2.6 
years), which by 1965 had been recorded in humans, marine 
Hsh, and plants (Palmer and Beasley, 1967). Concentrations 
found in marine fish fletfi are much higher than fhose in ter- 
restrial animals. Consequently, small population groups that 
have a iiigh proportion of fish in their diet have been found 
to have body burdens of *'Fc approachmg 1 ,000 nCt. The 
resulting internal radiation dose to the red blood ceils in 
these individuals (if tiiey retain this body burden) lias been 



estimated to be about 30 nuem/year (Palmer and Beasley. 

1967). 

The other marine radionuclides mentioned above con- 
tribute only a small fraction to the external dose received by 
the world's population. Althoi^ (ho exact fraction cannot 
be calculated at this time, from our knowledge of the world 
population distribution and habits, we know it is small. 



Local Fallout 

Many studies of radionuclide concentrations found in ma* 

rine organisms as a result of local fallout from nuclear ex- 
plosions have been published (e.g., Japan Society for the 
Promotion of Science, 1956; Hines, 1962, p. 341 et seq.). 
Much of the information gathered is not directly usable for 
the estimation of the marine-derived fraction of the total 
radiation doK received by persons living In the local faOout 
zone. However, some gener.ili/;^. I ini;> .dn In- made with re- 
gard to the relative importance of fallout radionuclides to 
man. 

In the edible portions of marine fish, the major radionu- 
cUdes found (Lowman, 1960. 1963) have been <^'Zn. ^^Fe. 
"Co, ••Co. ••Co, and "Mn. None of these elements are 
fission products. They presumably result from neutron acti- 
vation of materials in and around the device. Fission-product 
concentrations in firfi are very low in compiiisoii with the 
above radionuclides even some ycars after the coQtimiiiating 
event (Lowman. 1960). 

Other edible marine organisms, such as dieUfish, contaui 
much the same spi-ctrum of radionuclides as fish in which 
the cobalt radioisotopes predomitute. The fission products 
'••Ru + '••Rh and ''Zr + **Nb have also been found fa 
clams (Lowman, 1960) 

One example is available in which it was possible to de- 
termfae the dose contribution from marine food in a popu- 
lation exposed to "closc-in" or local fallout from a nuclear 
explosion. In this case, a group of people from Rongelap 
Atoll were returned to their homes several years after the 
atull had been heavily contaminated by local fallout. From 
data given by Cotui et al. (1 960), it is possible to estimate 
that about 10 percent of the ^Sr bone dose to tliese people 
was 0.36 ^iCi (Cohn er al.. i960), which would deliver ap- 
proximately 30 mrem per year internal wiiole-body irra- 
to include the land cube in their diet, this would reduce the 
marine food contiibotion of to 2 percent of the total 
9"Sr intake. 

For whole-body radiation, the marine contribution was 

somewhat greater. Virtually all of the body burden of *'Zn 
was contributed by fish in the diet. This ^^Zn body burden 
was 0.36 (Cohn ef «/., 1960), which would deflver ap> 
proximately 30 mrem per year internal whole-body irra- 
diation. However, tenestrial food chains contributed 
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0.68 of '^''Cs, resulting in a dose of about 1 10 mreni 
per year. Consequently, the marine contribution would 
■mount to tome 20 percent of the total internal whole-body 
dOM. Since this uiull native population had a relatively high 
proportion of leafood (including fish viscera) in its diet, 
these percentage contributions to internal radiation dose eie 
probably near a maximum for similar occurrences. 

The contribution of marine radioactivity to external dole 
was very small, the gamma dose rates over the sea being 
much lower than those over land (Dunning, 19S7). 



Plowshare Program 

Caleulatiom of the mafinenlerived radiation expoiure to 

humans arc bcint; made for propobi-d nuclear excavation 
projects associated with the Plowshare Program of the U.S. 
Atomic Energy Coauniialoa (Meititt, 1969). 



DispoMi of Radioactive Wastes 

There are a considerable number of locations in the world 
where radioactive wastes are disciiarged into the sea, or 
where audi dispoaalt are planned . Moat of these discharges 

are a";sociatec! with experimental or power reictor*;, but the 
best-documented case is the multifacility U.K. Windscale 
site. Fudiirooessfaig wastes are tedoded fai the effluent from 
Windscale, which is discharged dirfi.r!\ into the coastal 
waters. The discharge of reactor cooling water from the 
Hanford phst hi the Stale of WaMngton is also wdl> 
documented. The Hanford reactor cfTluent enters the Co- 
lumbia River about 360 miles upstream from the Pacific 
Ocean, but some nucBdcs persist and can be detected in the 

sea beyond the mouth of the river. (For information on the 
kinds and quantities of radioactive waste discharged to the 
marine environment, see Chapter 2.) 

\V;iste di'ichiup.e*; differ from worldwide falloUt in 1 nUOl* 
ber ot important characteristics: 

W;iste di<;charges are planned and controlled with respect 
to both lime of disposal and amounts of maleiials. 

Wastes are made up of relatively concentrated solutions 
and are discharged from point sources, vsuaily into ooaatal 
waters. 

A smaller spectrum of radionuclides is present in the 

wastes, and. except for fuel-processing plants, neutron acti- 
vation products often predontiiiate (at least qualitatively) 
over fission product radionodideB. 

Other chemicals ot heat present in the waste discharpe 
liwy liave a greater biological cllect than the waste radio- 
nuclides. 

Hie number of people exposed to measurable amounis 



of radiation as a consequence of waste disctiargo is a very 
small fraction of the total population exposed to worldwide 
fallout. 

Radiation exposure of humans has been accurately aa> 
sesaed in relation to the discharge of radionuclides from sev- 
eral atomic energy installations, and the experience at these 
sites is summarized in the folhMdng paiynpha. 

LARGE NUCLEAR INSTALLATIONS 

Windscale An assessment of radiation exposure resulting 
from discharges of the U.K. Atomic Energy Authority fac- 
tory at Windscale, Cumberland, was detailed earlier. The 
radionuclide in the effluent of this fuel-processing plant that 
most restricts the total disdiaxge of radioactive waste is a fu- 
sion product, *o*Rtt. The critical pathway that Ifanlts die 
amount of '"^Ru discharged is the consumption by asmaO 
population in a distant area of cootaminated seaweed 
(Borpkyia) ooDeeted near Wbidaeale (Figure 2). 

Discharge rates of radionuclides are accurately recorded 
(U.iC Atomic Energy Authority, 1965, 1966, 1967), and 
regular assessments are made of radiation doses received by 
members of the public (Preston and Jefferies, 1967, 1%9). 
Disposal rales in the years 1964-1966 of 2.000 Ci/mo of 
'**Ru via the effluent pipeline resulted in intestbial doses, 
as a result of eating Porphvra, of 0.67. 0.61 . and 0.57 rad/yr 
(i.e., about 40 percent of the recommended dose limit) in 
the three respecthre years. (Dose rates for other years are 
shown in Figure 1.) 

Other routes of exposure and other radionuclides present 
In the disdiarged wastes teeidt hi much lower fractions of 
recommended dose limits for members of the public. For 
example, the average external gamma dose rate on mud flats 
near Windscale was 140 ^R/hr during 1964-1967. and this 
resulted largely from the discharge of '*Zr-'*Nb (Jefferies, 
1968). Allowing for occupancy factors, this would result in 
a whole^KMty dose to some people (fidiermen) of 10 per- 
cent of that recommended by the ICRP. Tliese a c, of 
course, not the same people who receive internal radiation 
from eating Awpi^fw. 

DouunHy United amounts of radionucUdes are discluirged 
from the Dounreay Experimental Reactor EsubUshment on 

the coast of Scotland (Morgan, 1967). Because of the kinds 
of radionuclides of major significance in the dischar^ 
(«*»Ce. »^Ce, iWRu, »»Ru. »&. and •»Nb) and the ab- 
scncc of seaweed harvesting, it has been found that the 
major source of radiation expostire to man is the handling 
of fixed nets by fishermen in nearlvy bays. 

Discharge rates from the offshore pipeline viuied from 
600 to 2,000 Ci (total radionuclides) a montli in 1 96S- 
1966 (U.K. Atomic Energy AuthorHy* 1946. 1967). Beta 
radiation dose ntes measured at experimental neu during 



Copyrighted material 



254 



Radioactivity in the Marine Environment 




FIGURE 2 The critical exposure pathway associated 
with the U.K. atomic energy plant at Windscale is the 
release of '^^Ru to the Irish Sea, its accumulation by 
seaweed, and the consumption of the seaweed by man. 



this period (Mitchell, 1967b) were less than ISO/iR/hr (i.e., 
less than 2.S percent of the acceptable dose rate when han- 
dling times for cominercial Fishing gear are considered). 

Han ford Project The Han ford Project (now known as Rich- 
land Operations) discharges substantial quantities of radio- 
nuclides into the Columbia River. Some of these radionu- 
clides reach the mouth of the river and enter the Pacific 
Ocean (Soldat and tssig, 1966). Of those radionuclides thai 
reach the sea, only **Zn and ■'^P warrant consideration as 
sources of exposure to humans in nearby communities. 
Oyslcrs grown in a bay several miles north of the river 
mouth contain higher concentrations of these radionuclides 
than other common seafoods. Estimated human dose rates 
from an assumed consumption rate of 230 g of oysters per 
week are 5 mrem per year to the intestinal tract and 3 mrem 
per year to the whole body (Soldal and lissig, 1966). These 
represent 0.3 percent and 0.6 percent, respeclively, of the 
acceptable dose rale to individual members of the public. 

Other marine fish and shellfish in ihe vicinity also con- 
tain measurable concentrations of **Zn, but human expo- 
sure from these sources is much less than from oyster 
consumption. 

Within the Columbia River, near the point of discharge 
of the effluent from the reactors, the uptake of ^^P by fish 
1$ the critical pathway. This is illustrated in Figure 3. 

OTHER INSTALLATIONS 

Radionuclides are discharged into the sea at a number of 
other research centers, including Trombay. India (Pillai and 
Ganguly, 1961 ): Studsvik, Sweden (Agncdal and Bergstrom, 
1966); and Petien, Netherlands (Van Dam and Davids, 



1966). Discharges at all these locations have been small in 
amount, and the critical pathways for human radiation ex- 
posurc have been evaluated only as a preoperational exercise. 

At Trombay, the critical radionuclide is ^^P, and the 
critical pathway is expected to be (he eating of marine fish. 
At Studsvik, the composition of the discharged effluent is 
uncertain. Present indications are that external exposure 
from *°Co on fishing gear will be the critical pathway for 
neutron activation products, and internal exposure from 
'**Ru in fish will be the critical pathway for fission prod- 
ucts. At Petten, the critical pathways are assumed to be fisti 
and shellfish consumption. No critical radionuclides have 
been identified. 

NUCLEAR POWER REACTORS 

Bradwell The nuclear power station at Bradwell, England, 
discharges radionuclides into a river estuary. Here, the criti- 
cal pathway is (he consumption of contaminated oyster 
flesh, and the critical radionuclide in (he efnuen( is ^'Zn 
(Preston, 1967) (Figure 4). Preoperational and follow-up 
assessments have been made (Table 3). The radiation dose 
received by the small critical population group is 0.17 per- 
cent of the acceptable dose rate for the total body and 
0.08 percent of (hat for the intestinal tract (Preston, 1968). 

Other U.K. Power Reactors At five o(her power reactor 
si(es in (he United Kingdom that began operation in 1968, 
preoperational assessments had been made of the critical 
pthways and critical radionuclides (Table 4). Actual dis- 
charges at Berkeley and Hinkley have been so low in relation 
to the maximum rate permissible for the site that only very 
small concentrations of radionucUdes have been detected in 
the environment. At Berkeley, "'Cs has been measured ex- 
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FIGURE 4 The critical exposure pathway associated 
with the nuclear power station at Bradwell, U.K., is the 
release of ^^Zn to the BUckwater Estuary, Its uptake 
by oysters, and the consumption of the oysters by man. 



tensively in silt (1-2 pCi/g dry) taken from the Severn Estu- 
ary, but at levels that have made no measurable contribution 
to gamma whole-body dose rates-the controlling feature of 
this type of contamination-and at Hinkley, *'Zn has been 
detected in seaweed taken from the vicinity of the outfall 
(0.1-0.5 pCi/g wet). Two of the other three stations have 
only recently become operational. The critical pathway for 
human exposure at two of the sites is predicted to be ex- 
ternal radiation from silt contaminated by activated corro 
sion products. At the three other sites, the critical pathway 



is irradiation of the human intestinal tract by neutron acti- 
vation products concentrated in fish flesh (Preston, 1966). 

Humboldt Bay The nuclear power station on Humboldt 
Bay in northern California began operating in 1962. The 
quantities of radionuclides discharged to the estuary each 
year with the cooling water have been substantially below 
the authorized limit of 20 Ci (0.1 pCi/ml). The nuclides of 
principal interest in the discharge are **Zn, *°Co, ^*Mn, 
and '^^Cs. A preoperational survey and assessment indi- 
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TABLE 3 ftmUiriUe 



RatUoKtMty ia the Marlnt Envinameitt 
Rite of **Zii from tho BndweU Pdwtr St&tioo to the Bladcwater Eituaiy* 



Picoperational Estimate 



FolhwiMip Auesstneat 



Estimated concenuation of '*Zd in eituaiy 
Ipeiday 



Concentration factor -oyster flesh/seawatcr 
Daily intake **Zn in 72 g of oysters 



100.000 
1.1 mO 
0.22 fiCi 



Average ^^Zn discharge per month 

Average ^^Zn concentration in oyster fleA 
■ti 



ICRPi 

Maxlmuin daily Intake of oytnr flnh 



pamMste eoacaMiaHoa of 
^^Zninoyitarflaili 



daily difduiiie rate 



16.6 mQ 

a22iia 

7S«^aay 
2.900 pCi/g 

osa 



'Adapted frum l^nlun (1967). 

TABLE 4 Comparison of Critical Parameters for Five Civil Nuclear Power Station Sites' 





Central Eleetridty Generating Board Site 






Parameters 


Berlietey 


Hinkley 


Dungeness 


Sizeweil 


Wylfa 


Site difailioa factor 


10 




10» 


10 


103 


Wat«r-iiGi/nl/a of diicliaiic/day 




10^ 


10^ 


lOr^ 


lOr* 


NudidN 


•»2«.*"»C0 


•«Zii,«>Co 


«Z«.«Co 






Mtlcdat 


Silt and 

salmon flesh 


Sill jiiJ 
tah tlesh 


ndi Oeih 


Flshnesli 


Fish jnd 


Concentration factor 




10* 


10* 


10* 


10* 


fOpulalloa itae 


10 


10 


10 


10 


10 


Qiticaloigan 


Total body 


Total body 


GaitrointMtiml 
tract 


Gastrointcaliaal 

Uact 


lone, gaatrafaitcitfaMl 
tnct 


Ingetlion rate (g/day) 


2» 


195 


B07 


130 


20S 


Exposure (hi/yi) 


340010 


7S0(alt) 









*Ad8Vle4 ftom ftMlm (196«. p. 73<) and UttdiaU <19«7b). 



cated that the critical exposure pathway would be via the 
accumulation ot "^Zn in oysters that are gfown commer- 
cially in Hainboldt Bay. Poelopefatioaal ramys have never 
shown levels of radionuclides in oysters of the Bay that were 
signiiicantly above background. Under experimental condi- 
tions, oytten have been held directly in the plant diadnrie 
water, and at one time, their concentration of *'Zn reached 
ITS pCi/g. The level has smce decUned (Salo, 1968). Inaa- 
much as the abeOnrii consumed by the puUtc have only 



background amounts of the ladiomididea. the radiatloa 

dose is negligible. 

Tarapur A prcopcratifir:i' 3ssc<;?mcn( of critical pathways 
and radionuclides has been carried out lor the Indian power 
station at Tanpur (ICamath et^.,l 966). hfeutron aettvation 
products (mainly '*Zn) in marine fish consumed by fisher- 
men and families are expected to contribute most to htunan 
expoaute. 
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NUCLEAItTOWERED VESSCIS 

Studies have been made of the amounts and the fate of 
waste radionuclides discharged to coastal waters by U.S. 
Navy nuckar-powered sutnnariiies and thlps at 13 U.S. 
docking facilities fVaughan and Nfile^, t'>66) and of con- 
ditions in iurbors used by the civilian stup NS Savannah 
(Rora and Wbkasch, 1966). (IMKhafges fitMn the U.S. Navil 
ships arc listed in Chapter 2.) No measurable transfer to man 
of the ditcharged radionuclides has occurred, and external 
radiation doae rates near the facilities have shown no nwa> 
surable increase. 

Tiie accidental loss of the ITtresher in 1964 was followed 
by extensive radiation monitoring in the vicini^ of tiiB hulk. 
No detectnhle escape of i,iJiur:i:v-liJes into the laa wai 
found, and no human exposure resulted. 

SOLID-WASTE OlSKMAL 

United Slates Sea disposal of contaminated solid wastes 
was carried out along both the Pladflc and Atlantic coasts of 
the United States during the years !946-l%3. The total 
quantity disposed in the Pacific was approximately 15,000 
Ci, and in the Atlantic. 46,000 Ci (Belter. 1965). Radiation 
monitoring of the two areas (Pneumo Dynamics Corpora- 
tion, 1961; Brown et al., 1962) has been carried out. No de- 
tectable Mncenmtions of waste ndionuctidea weie found 
taianwaier or maiine organimH. 

United Kingdom Contaminated solid wastes containing 
approximately 1 ,500 Ci of beta-gamma radionuclides are 
disposed of yearly by the U.IL Atomic Eneigy Authority 
into the Atlantic deeps nt a depth of not less than 1,500 
fathoms. TIk amounts of waste disposed are considered to 
be too small to hive an apfveciable effect on the enviroo- 

ment; therefore no r:idiation monitoring IS Undertaken (U.IL 

Atomic I neii^y Aiiiiu>:ity. I'-tdo). 

Asia Some radioactive wastes have been disposed of in the 

North Padflc near Japan. On* of several maatuiemcnis 

made by AkiyiiTna (1965) suggested the presence of arti- 
ficial contamination near the bottom m the vicinity of the 
disposal site. The measurement was only slightly above the 
expected background level, and one would not expect it to 
have any radiological implications. 



CONCLUSIONS 

Over the past decade, the use of atomic energy for peaceful 
purposes, and espedally the production of electric power, 
has moved from the stage of planning and technical develop- 
ment to the stage of demonstration and competitive appli- 
catk». TUs applicatioQ has been aocompioied by the dis- 



charge of low-level radioactive waste into rivers and directly 
into the sea. In every case, the proposed discharge has re- 
ceived careful study in advance of operations, and prudent 
restrictions have been specified on ihe kinds and amounts of 
radioactive materials ttiat could be released. Follow-up sur- 
veys stiow that the restrictions have been entirely adequate 
to keep human exposure well wthin the guidelines specified 
by the ICRP and FKC, A continuation of the policies and 
practices concerning the control of low-level waste disposal 
that have been established during these formative years 
should assure that radioactive contamination of the marine 
enviroiuDent wiD not teach unacceptable levds. 



SUMMARY 

The addition of artificial radioactive materials to the marine 
enviroiunent results in some added radiation exposure to 
people who use the sea and its products. The nwgnitude of 
the additional exposure that results depends upon many 
complex relationships, however, and involves the kinds and 
qusntities of radioactive materials added and the manner 
and place of their introduction. 

Over the past quarter century, the major sources of arti- 
ficial radioactive materials to the sea have been worldwide 
fallout from the ie>tint: of nuclear devices in the atmosphere 
and the chronic discharge of low-level wastes from operating 
reactors and fuel ptocesdng plants. Much less stgnifkant ad- 
Jitiuns have resulted from n-iclear detonations bclnw the 
surface of the sea, from llie disposal of low-level waste m 
packages, and from the imdvertent loss of radioactive 
materials. 

fladioactive contaminanu can follow a variety of path- 
ways In the sea that may bring them into contact witfi man 

and contribute to the raJi itiori exposure that he receives 
from the environment as a whole. Only careful evaluation of 
each individual situation can determkw the most important 
or critical pathway, but the foDowiot ones an likely to be 

of greatest importance: 

The accumulation of certain radionuclides in flsii, shell- 
fish, and seaweeds that are eaten by man in substantial 

quantities 

The deposition of radioactive particles on the seabed in 
places where people may contact them either in the course 

of their occupations or in pursuit of recreation 

Tlie adsorption of certain radionuclides on nsliing giear. 

A large number of other pathways have been identified 
or postulated, but at this pomt in time their contribution to 
the radiation exposure of people has been modi smaller than 

the ones listed abnve. 

I he signiticancc of the radiation exposure contributed by 
an of the pathways Is dependent on the hitaiaity (conoen- 
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uation) of the source, on the frequency and length of time 
that people are exposed to the source, and on the number 
of people that may be exposed. It is generally held that any 
exposure to ioiuzing radiation entails at least some small 
risk of a deleterious biological effect. Therefore, the ridl- 
ait' n dose must be held to such a low level that the very 
small risic involved is acceptable to society as a whole in re- 
lation to the benefits derived from the use of atomic eneigy. 

The Federal Radiation Council, the National Council on 
f^diation Protection and Measurements, the International 
Commissiott on Radiological Protection, and other authori^ 
tativc groups have recommended doses that they believe 
should be considered as the maximum acceptable for con- 
tinuous exposure. In all cases, they reoommend restricting 
exposure to the lowest practicable level compatible with 
economic and social considerations. 1-or radioactive ntate- 
rials deposited in the body, dose tales are related to a per- 
missible body (or organ) burden for specific radionuclides, 
and these in turn are related to a permissible continuous 
daily intake sufficient to establidi and maintain that body 
burden. 

When an introduction of radioactive material into the 
marine environment is being considered, it is now conven- 
tional to identify the probable critical pathway of exposure 
and the individuals or critical population likely to receive 
the greatest exposure. Preoperational guides are then calcu- 
lated that establish the maximum allowable rates of intro- 
duction of specific radionuclides. The preoperational guides 
ate based on the critical exposure pathways and on some 
fraction of the internationally recognized dose limits. Fol- 
lovtring the actual introduction of potentially significant 
quantities of radioacthw materials, a re-evaluation of the 
probable dow tn rrnn can and should be made on the basis 
of actual measurements of the concentrations of radionu- 
clides in the environment. Follow-up evaluations should be 
based on measurements of the materials directly responsible 
for human exposure-the species of fish, shellfish, and sea- 
weed letuaUy consumed by the puUic, the beaches used by 
the public, and the gear handled by (he H^hermen. The 
follow-up evaluations have almost always shown that the 
preoperational predictions were highly pessimistic and thus 

th;;' (lie tentative discli;ifi!e guides were much more restric- 
tive than actually necessary to maintain the radiation dose 
to peofde within the prescribed limits. 

The radiri!io!i dose received by p<?op!e from worldwide 
fallout via looJ lioni the sea is very snijll both in magnitude 
and in relation to that received from the terrestrial environ- 
ment. Small population groups that depend on fish and 
Other marine organisms could have received at most about 
0.4 nwem per year to the «Aide bo^ and 30 nuem per year 

to p:irts of the skeleton. 

f he taige nuclear installations of the Li.K.. Alotmc Energy 
Authority at Windscale on Oie Iridt Sea and of the U.S. 



Atomic Energy Commission at Richland on the Columbia 
River discharge far greater quantities of radionuclides into 

the <iea than do ini. lcir power reactors. The critical expo- 
sure pathway for the Windscale plant is the accumulation of 
'^Ru by seaweed that is eaten in quantity by a small popU' 
lation group in a distant area. The resulting radiation dose 
amounts to about 40 percent of the recommended Umit. 
Hie critical exposure pathway for the Richland plant (Han* 
ford) is the concentration of '^P -nul '"'"/n hy ("ish in the 
Columbia Rner and oysters grown near the mouth of the 
river. The marine pathway leads to a dose to people who eat 
oysters of less than I percent of the recommended limit. 

Discharges to the sea from power-producing reactors have 
resulted in doses to the public of much less than 1 percent 
of the recommended limit, At many sites, the concentra- 
tions of reactor-produced nuclides in the marine environ- 
ment aie solow that fliey can be measuied only with sophie- 

ticated techniques. The radionuclides from power reactors 
that appear to be of greatest interest in relation to human 
exposure are the neutron activation products **Zn, '"Co. 
and ^^P. because of their accumulation in marine ot g a n i sMS 
used for food. 
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